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SERS Measurement of GLuose and Lactate - MR Glucksberg, P1

INTRODUCTION
The overall project goal is to demonstrate a sensor based on surface-enhanced Raman
spectroscopy (SERS) that measures glucose and lactate. We have successfully demonstrated
feasibility of using this system for detection in vitro and in vivo as specified in the original
proposal.

The specific aims, as proposed in the original "statement of work" included:

Task 1. To develop and optimize SERS (Surface Enhanced Raman Active) surfaces and
partition layers for the detection of glucose and lactate, in vitro.

a. Determine optimal nanoscale geometry for SERS-active substrate.
b. Optimize, in vitro, partition layers for best selectivity to target molecules glucose and

lactate.
c. Test effectiveness of probe configurations.

Task 2. Use a rat model to monitor analyte concentrations and assess performance.

a. Control experiments.
b. Use indwelling probes to quantitatively measure glucose levels in vivo.
c. Use indwelling probes to quantitatively measure lactate levels in vivo.
d. Use indwelling probes to quantitatively measure lactate and glucose levels in vivo.

BODY

TASK 1 - Development and Optimization of the SERS-active substrate

Self-Assembled Monolayer (SAM) Development As with most research projects, there were
obstacles to overcome. While we anticipated some of these, we did not expect an inability to
find a consistent supplier of a basic and critical chemical need. In our proposal, we submitted
preliminary SERS data using tri(ethylene glycol) alkanethiol (EG3) as the SAM to partition
glucose. The EG3 SAM consists of a hydrophobic chain with a hydrophilic head group. The
SAM captures the glucose and concentrates it within the first few nanometers of the SERS-active
Ag or Au surface. This is a critical requirement since SERS has a short-range (0-2 nm) distance
dependence and can only detect analytes within this narrow zone. We found that neither the
commercial or academic suppliers of EG3 could provide
us material capable of reproducing our previous SERS Mixed SAM: decanethiol and

work even in the simplest of environments (i.e. glucose in mercapto-hexanol (DTIMH)

water). Consequently, the first months of the project
were consumed with the task of isolating the problem to
the EG3 SAM and then developing an alternative. The 4
non-trivial breakthrough that has allowed us to rapidly
move forward in the past 6 months was the development
of a new mixed SAM based on two commercially
available components, decanethiol (DT) and
mercaptohexanol (MH). The DT/MH SAM was designed
to have dual hydrophobic/hydrophilic functionality Figure 1: Schematic representation of

analogous to EG3, glucose-sized pockets formed by the DT/MH mixed SAM for partitioning and
shorter OH-terminated chains (Figure 1), and partitioning departitioning of glucose.

4



SERS Measurement of GLuose and Lactate - MR Glucksberg, PI

of glucose even closer to the SERS-active surface than EG3. We have experimentally confirmed
that the DT/MH mixed SAM has better performance as a partitioning layer than the DT1 and
EG32'3 SAMs used previously.

Nanowells. Nanowells were fabricated using reactive ion etching (RIE) and the resulting
structure was verified by AFM. A flow
diagram illustrating this procedure is shown .A
in Figure 2A. Hexagonally close-packed S -+ - 5 • i± r-z ]
polystyrene nanospheres, diameter 510 nm, n j t [ tEC 5]

were used as the etching mask.
Tetrafluoromethane (CF 4) gas was used to
etch glass surfaces with the polystyrene
nanosphere mask using the following
parameters: power 25 W, pressure 10 mTorr,
and etching time 3 min. The AFM
micrographs and the corresponding
linescans confirm that the nanowells are ,0 , 9 ,0
approximately 10 nm deep (Figure 2B). 4-

Further, a 55-nm-thick layer of Ag was .202 M 10 Al

thermally deposited to form particles with a 0 100 200 30O 0 so 10o 50o 200

height of 45 nm above the glass surface. Width, (m) Width (Mm)

Figure 2C demonstrates that the Ag Figure 2. (A) Fabrication of a particles-in-nanowells

nanoparticles are actually in the nanowells. substrate. Substrates were prepared using 510-nm-diameter
Embedding the particles in nanowells rather spheres. Nanowells were manufactured using Reactive Ion

than fabricating them directly on a SiO 2  Etching (RIE), P = 25 W, Pr = 10 mTorr, t = 3 min. (B)

surface (e.g. periodic particle array (PPA)) AFM micrograph of fabricated nanowells on glass
substrate, depth -10 nm. 55 nm of silver was deposited to

improves their mechanical stability. This form particles in nanowells. (C) AFM micrograph of

was verified spectroscopically as well as particles in nanowells, height -45 nm above the glass

mechanically with AFM force surface.
measurements. Extinction spectra of PPAs
and particles-in-nanowells substrates were measured 0.4

over a period of four days in a constant flow aqueous ._--836
environment. Particles-in-nanowells substrates retain " 0.3-

their optical properties for three days while the PPA
surfaces remain stable for only one day. Lateral forces .2 0.2-

required to move the metal particles were also :-C
measured for PPA and particles-in-nanowells substrates 4.u
using AFM force calibration plots. The force needed to o_-_,_-__ ,_ -

move most of the particles embedded in the nanowells 400 600 800 1000

was 29.8 nN, while the particles in a PPA move when Wavelength (nm)

only 11.1 nN was applied. Figure 3. Extinction spectrum of the

The structure of the nanoparticles embedded in particles-in-nanowells substrate used for the
alocalized surface SERS sensor substrate; the particles are

nanowells was optimized to produce a lfunctionalized with a DT/MH SAM and the
plasmon resonance (LSPR) spectrum with an extinction spectrum is measured in aqueous solution.
band maximum at 836 nm, optimal for 785-nm The LSPR maximum, kmax = 836 nm, is
excitation. Van Duyne and coworkers have optimized for 785-nm excitation.
demonstrated that the maximum SERS enhancement
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can be achieved when the LSPR determined by the extinction maximum is slightly to the red of
the excitation wavelength.4 6

To construct an optimized surface for 785-nm laser excitation, the nanowells were fabricated as
described above and 65-nm-thick Ag was thermally deposited. These surfaces were then
functionalized with the DT/MH mixed SAM and extinction spectra were measured in a flow cell
in an aqueous environment. The extinction spectrum of the substrate is shown in Figure 3. The
particles embedded in nanowells yield a LSPR spectrum with a rather narrow extinction band

with ?Xax = 836 nm, which is optimized for 785-nm
excitation. 987

A benzenethiol monolayer was used to test the SERS- 1062 m

activity of the particles-in-nanowells surfaces. As
shown by Van Duyne and coworkers, for nanoparticle C,
array surfaces, the largest SERS signals are observed
when the excitation wavelength is positioned slightly
to the blue of the LSPR extinction Xka,. 4'5 Similarly, I I I
particles-in-nanowells substrates exhibit a rather 1200 1000 800

narrow extinction band and its location has a Wavenumber Shift (cm"')

significant effect on the observed SERS signal Figure 4. SERS spectrum of benzenethiol on Ag

intensity. It is a nontrivial task to optimize the optical particles in nanowells. X,, = 750 nm, power= 1.6

characteristics of the particles-in-nanowells surfaces mW, time = 2 min. *a.d.u..mW'.min-'

in order to use it to perform SERS measurements. A
high signal-to-noise ratio SER spectrum of
benzenethiol on particles in nanowells is shown in Figure 4. This demonstrates the feasibility of
SERS measurements using the particles-in-nanowells format.

The data presented herein demonstrate the fabrication of nanowells and particles-in-nanowells on
Si0 2 substrates. Moreover, we have explored alternative designs for fiber optic probes that use
nanoparticles in nanowells as well as other SERS-active substrates. These designs focus on
attaching the substrate to the tip of the fiber and might further improve light collection efficiency
and ease of fabrication. They will be discussed in more detail in Task 2.

Particles-in-nanowells were fabricated on Si0 2 substrates with a SAM; however, the transition to
the fiber tip has not yet been
implemented. Several alternative AI PIN surface B FON surface

designs for the optical fiber probe with
SERS-active substrates attached to the
tip of a fiber were developed (Figure
5). Figure 5A shows the design of a
fiber probe with the particles-in-
nanowells substrates attached to the tip t optical

of the fiber using optical epoxy such optical optical epoxy tubular connector

that the metal particles can be in fiber II

contact with the sampling medium. Figure 5. Proposed configurations. (A) Particles-in-nanowells

This would allow utilization of large, (PIN) substrates attached directly to a fiber using optical epoxy.

well-packed, uniform areas of particles (B) A metal FON surface is used as a SERS-active surface; it is

that are more difficult to achieve when attached to the end of the fiber and interstitial fluid can flow in the

nanoparticles are fabricated directly on space between the fiber and the AgFON surface.
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SERS Measurement of GLuose and Lactate - MR Glucksberg, P1

the tip of the fiber. The optical epoxy will
allow for transmission of the excitation A 40- B
beam and collection of the Raman
scattered photons. 'S30- 0,

The second design utilizes a SERS-active, V20
film over nanosphere (FON) surface ±
(Figure 5B). The FONs will be fabricated 10. X=8o8-j

by depositing 200 nm of Ag over the
polystyrene nanosphere mask resulting in 400 600 800 1000

Wavelength (rim)

a nontransparent surface. This surface can

be attached to the tip of a single optical Figure 6. (A) AFM micrograph of AgFON manufactured

fiber, a fiber pair (one for excitation and using 390-nm-diameter nanospheres by depositing 200 nm
one for collection), or a fiber bundle of silver over the nanosphere mask. (B) Reflectance

spectrum of AgFON substrate used for glucose sensing.

(center fiber for excitation and ring of six The surface was optimized for 785-nm excitation. The

for collection) using tubular connectors reflectance minimum at 808 nm corresponds to the LSPR

with slots to allow the flow of fluid to the extinction maximum and is slightly red of the excitation

surface. Although this type of substrate is wavelength.

not transparent, it provides 10 times the
surface area in contact with the sample. As a result, AgFON surfaces produce larger net signal
intensity than particles-in-nanowells substrates. Therefore, we employed AgFON surface to
achieve the results shown in the rest of this report.

The structure of the AgFON surface is
shown in the AFM micrograph in Figure
6A. The LSPR of AgFON substrates can
also be tuned to create an ovtimized 1
surface for 785-nm excitation." The 1068 T1°°o ; 1 1

tuning can be achieved by varying the Al -
145

6 1129] 4 20
r 1 43 898

diameter of the polystyrene nanospheres.
Since AgFONs are not transparent, the B1 :F©

LSPR spectra are measured in reflectance G . . -®

mode. Figure 61 shows the reflectance C H D
spectrum of the AgFON fabricated with
390-nm-diameter nanospheres, -1 satuated aqueous

functionalized with DT/MH SAM in a glucose

flow cell in aqueous environment. The 0 1200 1000 800

reflectance min occurs at 808 nm, which is Wavenumber Shift (cm") Wavenumber Shift (cm")

optimal for 785-nm excitation.
Figure 7. Glucose pulsing sequence on the SAM modified

To verify that a glucose spectrum can be AgFON surface. (A, B, C, D) SER spectra of the sample

collected in presence of the SAM, 0 and cycled between 0 and 100 mM aqueous glucose solutions, Xe =
100 mM aqueous glucose solutions were 532 nm, Pe.... = 10 mW, t = 20min, pH-7. (E, F, G, H)

cycled through the flow cell with a Difference spectra showing partitioning/departitioning of
glucose. (I) Aqueous saturated glucose solution normal Raman

DT/MH functionalized AgFON surface spectrum. Inset represents the pulsing sequence of the
(Figure 7 inset). SER spectra were experiment. *Imperfect subtraction of the narrow band at 1053
collected for each step (Figure 7A, B, C, cm-1 due to nitrate results in a very sharp peak in the difference
D). The difference spectra are plotted in spectra. *a.d.u..mW'.min-l
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Figure 7E, F, G, H. Figure 71 shows the normal Raman spectrum of a saturated aqueous glucose
solution for comparison. The glucose peaks in the difference spectra (Figure 7E, F) correspond
to the peaks in the normal Raman spectrum of glucose (Figure 71).

We were able to demonstrate that a DT/MH functionalized, AgFON, SERS-based, glucose
sensor has in vitro accuracy and precision. For calibration, over 90% of measurements fell in the
A+B ranges of the Clarke error grid in three model systems: water, water with lactic acid and
urea, and bovine plasma. In addition, over 85% of the independent validation measurements fell
in the A+B ranges in all three systems. No quantitative analysis was done in blood because in
vivo measurements will be in interstitial fluid, not in blood. If this sensor is ever to be used in
blood, a protective membrane will be utilized to filter blood cells and larger proteins such that
the fluid in contact with the SERS substrate resembles blood plasma. Therefore, quantitative
analysis of glucose in a whole-blood system is not required. A DT/MH functionalized, AgFON
substrate was placed in a flow cell and the sensor was exposed to known concentrations of
glucose ranging from 10 - 450 mg/dL in water at pH -7. SER spectra were collected (X =
632.8 nm, P = 13 mW, t = 2 min) from two locations on the substrate for each concentration.
Several different substrates were used to build the training set, and each of those substrates was
exposed to glucose concentrations spanning the experimental concentration range in random
order. A partial least squares (PLS) calibration model was built using 46 independent spectral
measurements.

In addition, 23 independent measurements with glucose concentrations ranging from 10 - 450
mg/dL were used to validate the model. In Figure 8, the calibration and validation data points for

Water Multiple Analytes
measured cone (mM) measured cone (mM)
5.56 11.11 16.67 22.22 5.56 11.11 16.67 22.22

400o-=• .- 400 -=•

Moo, t, 0 V51

C M I '0

E 300 A E 300- A

0 B

Vu c tr (

100- (0 --

pH7 RME =2.9 )gd (14 a)adaido and D. Mue tp-.RSC=9

c E c E
0 4 0--"-( ,

0 100 200 300 400 0 100 200 300 400
measured cone (mg/dL) measured cone (mg=dL)

Figure 8. Calibration (() and validation (9) plot Figure 9. Calibration (,) and validation (o) plot
using two substrates and multiple spots. PLS using two substrates and multiple spots. PLS
calibration plot was constructed using 46 data calibration plot was constructed using 46 data
points and validation plot was constructed using points. The validation plot was constructed using
23 data points taken over a range of glucose 23 data points taken over a range of glucose
concentrations (10 - 450 mg/dL) in 'water at concentrations (10 - 450 mg/dL) in 1 mM lactic
pH-7. RMSEC = 26.59 mg/dL (1.47 mM) and acid and 2.5 mM urea at pH-7. RMSEC =9.89
RMSEP = 85.95 mg/dL (4.78 mM). Xe,=632.8 mg/dL (0.55 mM) and RMSEP =92.17 mg/dL
nm, P =13 mW, t = 2 min. (5.12 MM). Xe, = 785nm, P =8.4mW, t =2 min.
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glucose in water are plotted on the Clarke error grid in order to evaluate the predictive capacity
of the model. Diamonds (*) represent the calibration with RMSEC of 26.59 mg/dL whereas
circles (e) represent validation data with RMSEP of 85.95 mg/dL. In Figure 8, 98% of the
calibration points and 91% of the validation points fall in the A+B ranges of the Clarke error grid.
Furthermore, we demonstrated the quantitative detection of glucose in water (pH-7) with lactic
acid (1 mM) and urea (2.5 mM) in physiological concentrations (Figure 9). We not only made
our system more complex by adding small interfering analytes, but, we also advanced toward
using a near-infrared laser source (Xe, = 785 nm, P = 8.4 mW, t = 2 min). Near-infrared sources
are better suited for use in biological systems because of diminished protein autofluorescence.
With PLS analysis, RMSEC was calculated to be 9.89 mg/dL and RMSEP was calculated to be
92.17 mg/dL. In Figure 9, 98% of the calibration points and 87% of the validation points fall in
the A+B ranges of the Clarke error grid.

Once we were able to achieve acceptable calibration and validation plots for the systems
mentioned above, we decided to skip the proposed steps of adding more analytes and move
immediately to a more complex medium - bovine plasma. Bovine plasma was filtered using
0.45-gm-diameter pore filters. The filtered plasma was then spiked with glucose concentrations
ranging from 10-450 mg/dL. SER spectra were collected at each concentration using multiple
samples and multiple spots in random order (Q, = 785 nm, P = 10-30 mW, t = 2 min). Figure 10
depicts 92 data points for the calibration plot with RMSEC of 34.3 mg/dL and 46 data points for
the validation plot with RMSEP of 83.16 mg/dL. In the Clarke error grid, 98% for calibration
and 85% for validation fall in A+B range. Bovine Plasma

measured cone (mM) ,

W e were able to demonstrate that the l/e time 5.56 c 1 6 2 2
5.56 11,11 16.67 22.22+

constant in the water based media was 8 s for both
partitioning and departitioning. For the plasma-
based media the l/e time constant was found to be - 400

28 s for partitioning and 25 s for departitioning. C C

The l/e time constant data for the whole-blood • E "
based system was not measured for the reasons r-
stated previously. 2 0

To demonstrate the real-time l/e response to a *D•o 100-

step change in glucose concentration, we . 1 ,

performed partitioning and departitioning of 50 L.
mM glucose in an aqueous environment. DT/MH 0 1 1 1
functionalized AgFON was placed in water (pH 0 100 200 300 400measured cone (mgldL)
-7) for -5 hours. The AgFON surface was then

placed in a flow cell. SER spectra were collected Figure 10. Calibration (*) and validation (e) plot

every 15 s (x = 532 nm). Once the baseline was using three substrates and multiple spots acquired

established, 50 mM glucose solution was injected in two days. PLS calibration plot was constructed

at t = 15 s. At t = 225 s, 0 mM glucose solution using 92 data points and validation plot was
constructed using 46 data points taken over a
range of glucose concentrations (10 - 450 mg/dL)

The data show that the intensity of the 1462 cml in bovine plasma. RMSEC = 34.3 mg/dL (1.9

glucose peak increased during partitioning and mM) and RMSEP = 83.16 mg/dL (4.62 mM).

diminished during departitioning. This 1462 cm- XIx=785nm, P = 10-30 mW, t = 2 min.

peak was analyzed in PeakFit v4.12 program by fitting the data to the sum of two Lorentzian
lineshapes. The amplitude for the 1462 cm 1 peak for each spectrum was thus obtained. The 1/e

9
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A ... I time constant for the aqueous medium was 8 s
- --..., ,' .. for partitioning and 8 s for departitioning

Z'F 4. ". calculated from the exponential fit.

- ..Since the lie experiment for the aqueous

, . / medium was successful, we moved towards
LW . ...... conditions that are optimal for in vivo sensing

by switching to 785-nm excitation for the
1520 1480 1440 1400 1480 1460 1440 bovine plasma experiments. The time constant
Wavenumber Shift (cm") Wavenumber Shift (cm") for glucose in bovine plasma was determined

1 2 0 c ..

w

E Prtitionin• _________,___ under similar conditions as the glucose in

N 80 -A water experiment. The spectra shown in
Figure 11A and 1183 demonstrate real-time

-40 * amplitude changes in the 1462 cm- peak as
the glucose concentration varies. The l/e time

1W . **-- constant was 28 s for partitioning and 25 s for
departitioning, calculated from the exponential

40 •..fit (Figure IIC).
0200 400 600

Time (sec)

Figure 11. Real-time SERS response to a step change
in glucose concentration in bovine plasma. A) SER
spectra of the SAM and glucose at various times.
Peaks at 1451 and 1428 cm' are features of SAM and
1462 cm' indicates glucose. Glucose was injected at t
= 15 s and the cell was flushed with bovine plasma at t
= 225 s. B) Expanded scale version of Figure 1 IA
from 1480 to 1440 cm'. PeakFit v4.12 was used to
determine the intensity of the 1462 cm' peak. C)
Partitioning and departitioning of glucose. X,, 785
nm, laser power = 100 mW, data acquisition t 15 s.
The l/e time constants were calculated to be 28 s for
partitioning and 25 s for departitioning.

TASK 2 - Development of rat model and in vivo testing

A Sprague-Dawley rat was weighed, anesthetized (Pentobarbital, Ovation Pharmaceuticals, Inc.,
50 mg/kg ip induction, maintenance 25 m/kg ip hourly), and placed on a warming pad. The
femoral vein was cannulated with PE 50 tubing (Clay Adams) for glucose infusion and the
carotid artery was cannulated using PE 90 tubing for arterial blood sampling, including
monitoring of blood glucose (One Touch II blood glucose meter)a. The incisions were shut with
surgical clips.

a We should note here that a commercial paper strip-based test designed for human blood does give different results when used

with rat blood. The differences are systematic, so it is a simple matter to account for this. Another concern is that the One Touch
II and other consumer-grade systems likely introduce more scatter than our clinical-grade system (Coming 860). In subsequent
chronic experiments we will make all measurements in a clinical-grade blood gas analyzer available for our use in a nearby lab.

10
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To collect SER spectra, a 1-cm- diameter piece of skin
was removed and replaced with a glass window held in a Im Viva Rat Model

was measured cone (raM)

metal frame mounted on the rat's back. A DT/MH 5.6 111 106.67 22.22

functionalized AgFON surface supported on a Cu mesh
.-. 400-

was positioned between the exposed subcutaneous tissue - AA

and the window such that the substrate was immersed in E' A
the subcutaneous interstitial milieu. Glucose (I g/mL in "
saline) was infused at a constant rate (0.05-0.1 mL/min) ° ,

through the venous catheter to increase and maintain D
blood glucose concentrations. A droplet of blood was e 100.0

drawn from the rat to measure the blood glucose level , EE

with the One Touch 11 blood glucose meter. After the n00 200 300 400
blood glucose concentrations reached a stable plateau the measured conc (mg/dL)

SER spectra were acquired through the window using the Figure 12. Calibration (*) and

Ti:sapphire laser (XQx = 785 nm, P = 50 mW, time = 2 validation (e) plot using a single
substrate and a single spot on a DTMH

mmn). The SER spectra showed clearly visible Raman functionalized AgFON on a mesh.
bands characteristic of the SAM (data available, not PLS calibration plot was constructed

using 21 data points and validation
shown). Additional bands were observed compared to plot was constructed using 5 data

the spectra collected in the plasma model; however, the points taken over a range of glucose

Raman bands were not obscured by autofluorescence concentrations (10 - 450 mg/dL) in
vivo (rat).

because of the near infra-red wavelength (785 nm) used RMSEC = 7.46 mg/dL (0.41 mM) and

for excitation. RMSEP = 53.42 mg/dL (2.97 mM).
X,, = 785nm, P 50 mW, t = 2 min.

All SER spectra were analyzed using PLS and
represented on the Clarke error grid. In Figure 12, 21 400e --- One Touch 11 meter

data points were used to build the calibration model and a a sE2s
five data points were used to validate the model. All the •,300-
data points in both calibration and validation fall in A+B E

range of the Clarke error grid with the RMSEC = 7.46 • 200-
mg/dL and RMSEP = 53.42 mg/dL.

Glucose was varied in the rat through intermittent 100o

intravenous infusion for three hours. A droplet of blood /
was drawn from the rat, the glucose level was measured 0
with the One Touch 1I blood glucose meter, and 0 40 80 120 160 200Time (rai)

corresponding SERS measurements were taken. Figure 13

shows the glucose concentration variation in the rat Figure 13. Real-time response of the in

measured using SERS and the One Touch II blood glucose vivo blood glucose concentration.
Triangles (A) are measurements made

meter with respect to time. using One Touch 11 blood glucose meter
and squares (i) are measurements made

After being implanted in the rat for 5 hr, the DT/MH using a SERS sensor(Xi, = 785 nm, P =

functionalized AgFON surface was removed and placed in 50 mW, t = 2 min).

a flow cell containing bovine plasma. Then l/e time
constant response to a step change in glucose concentration was determined (Figure 14). The
AgFON surface was exposed to 50 mM glucose in plasma at t = 15 s and then flushed with
plasma at t = 240 s. SER spectra were collected every 15 s 0Qx = 785 nm). Based upon
amplitude calculation for 1462 cm] peak, the l/e time constant was 9 s for partitioning and 27 s
for departitioning.

11
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Lactate Sensing by SERS

We have verified (Figure 15) that the SERS spectrum of lactate can be collected from a SAM
functionalized Ag surface and the SAM provides a reversible sensing platform. The SAM used
for lactate partitioning/departitioning is a mixed monolayer of decanethiol and mercaptohexanol
(DT/MH). The same SAM was also used for glucose sensing. It has dual
hydrophobic/hydrophilic functionality to allow preconcentration of the analyte of interest in an
aqueous environment. To show reversibility of the SAM, 0 and 100 mM aqueous lactate
solutions were cycled through the flow cell with a DT/MH functionalized AgFON surface
(figure inset). The difference spectra of lactate were then obtained by subtracting step I from
step 2, and step 3 from step 4 (Figure 15 F, G). The Raman bands in the difference spectra
correspond to the peaks in the normal Raman spectrum of aqueous lactate (figure E). This
indicates that lactate partitions into the SAM and SER spectra of lactate can be obtained. The
subtraction of steps 3 and 1, and 4 and 2, results in flat baseline spectra (figure H, I), which
indicates that departitioning of lactate also occurs successfully.

Key Research Accomplishments

"* Developed a system for fabrication of nanowells on the tip of A ,
an optical fiber. The resulting structure was to be verified
using Atomic Force Microscopy (AFM).

"* Achieved Surface functionalization of the particles embedded -
in nanowells on the tip of a fiber with a self-assembled Ik EýN.
monolayer (SAM). 1400 .. .1 lw0 , 0 W9

"Veriumber Shift ,crn') Wae rumbwi Shift (cm')

" Optimized the structure of Ag nanoparticles embedded in
nanowells to yield a narrow LSPR spectrum in the near- on the SAM modified AgFON surface
infrared for maximum enhancement with 785 nm or 830 nm (inset). A, B, C, D: SER spectra of the

laser excitation. sample cycled between 0 and 100 mM
aqueous lactate solutioin, Xk, = 532

" Demonstrated that glucose may be measured in the presence nm, Pla.er = 20 mW, t = 20 min, pH =
7.1. E is the normal Raman spectrum

of potentially interfering analytes using a SERS-based system. • 700

And that the l/e time constant for response to a step change U Partianl Dep,,t,,oIng

in glucose concentration is less than I minute.
500

" Demonstrated that glucose may be measured in bovine 400

plasma using a SERS-based system. And that the l/e time 300

constant for response to a step change in glucose 200
concentration is less than 1 minute. U) 0 200 400 600

Time (sec)
" Demonstrated that glucose may be measured in rats using a Figure 14. Real-time SERS response to

SERS-based system. a step change in glucose concentration
after being implanted in a rat for 5 hours.
Glucose was injected at t = 15 s and the

" Demonstrated that lactate concentrations may be measured in cell was flushed with bovine plasma at t
vitro using a SERS-based system. = 240 s. Partitioning and departitioning

of glucose. ?,x = 785 nm, laser power =
100 mW, data acquisition t = 15 s. The
l/e time constants were calculated to be
9 s for partitioning and 27 s for
departitioning.
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The accomplishments have or will be reported in various forms:

Conferences:

"* Biomedical Engineering Society, October, 2004, Philadelphia, PA
"* Third International Conference on Advanced Vibrational Spectroscopy, August, 2005,

Delavan, WI
"* Biomedical Engineering Society, October, 2005, Baltimore, MD
"• Fifth Annual Diabetes Technology Meeting, November 2005, San Francisco, CA
"* Pittsburgh Conference on Analytical Chemistry and Applied Spectroscopy, March 2006,

Orlando, FL

Patent Disclosures:

• New partition layer for surface enhanced Raman nanobiosensor. M.R. Glucksberg, J.T.

Walsh, C. Ranjit-Yonzon, N.C. Shah, 0. Lyandres, July 26, 2005.

Manuscripts:

* Lyandres, 0., N.C. Shah, C.R. Yonzon, J.T. Walsh Jr., M.R. Glucksberg, and R.P. Van
Duyne.A Mixed Decanethiol/Mercaptohexanol Partition Layer Enables Real-Time Glucose
Sensing by Surface-Enhanced Raman Spectroscopy in Bovine Plasma. Anal. Chem.
(manuscript in review).

Reportable Outcomes

A new and promising method of detecting glucose, lactate, and other biological analytes has
been shown to be feasible in in vitro and in vivo systems. The method takes advantage of the
remarkable amplification in Raman signal afforded by the surface enhancement effect to measure
concentrations of these anyalytes. In the first year of this project it was shown that reliable and
repeatable measurements of interstitial glucose concentration in rats may be achieved. This work
has contributed to five published papers included in the Appendix:

"* Yonzon, C. R., Haynes, C. L., Zhang, X. Y., Walsh, J. T., Van Duyne, R. P. A Glucose
Biosensor Based on Surface-Enhanced Raman Scattering: Improved Partition Layer,
Temporal Stability, Reversibility, and Resistance to Serum Protein Interference. Anal. Chem.
76, 78-85, 2004.

"* Stuart, D. A., Yonzon, C. R., Zhang, X., Lyandres, 0., Shah, N., Glucksberg, M. R., Walsh, J.
T., Van Duyne, R. P. Glucose Sensing Using Near-Infrared Surface-Enhanced Raman
Spectroscopy: Gold Surfaces, 10-Day Stability, and Improved Accuracy. Anal. Chem. 77,
4013-4019, 2005.

"* Zhang, X., Young, M. A., Lyandres, 0., Van Duyne, R. P. Rapid Detection of an Anthrax
Biomarker by Surface-Enhanced Raman Spectroscopy. J. Am. Chem. Soc., 127, 4484, 2005.

"* McFarland, A. D., Young, M. A., Dieringer, J. A., Van Duyne, R. P. Wavelength-canned
Surface-Enhanced Raman Excitation Spectroscopy. J. Phys. Chem. B 109, 11279-11285,
2005.

"* Haes, A. J., Haynes, C. L., McFarland, A. D., Zou, S., Schatz, G. C., Van Duyne, R., P.
Plasmonic Materials for Surface-Enhanced Sensing and Spectroscopy. MRS Bulletin 2005,
30, 368., 2005

13



SERS Measurement of GLuose and Lactate - MR Glucksberg, PI

Conclusions

This report summarizes achievements in year 1 of this project. We fabricated particles-in-
nanowells on a glass substrate with a LSPR spectrum having an extinction band at 836 nm,
which is optimized for 785-nm laser excitation. In addition, we developed several alternative
designs to transition these particles-in-nanowells or AgFONs to the tip of a fiber. The AgFON
was functionalized with a DT/MH mixed SAM, which allows for rapid partitioning and
departitioning of glucose. The DT/MH functionalized AgFON SERS-active surface has in vitro
accuracy and precision of detecting glucose in aqueous medium, aqueous medium with
interfering analytes, and plasma such that over 90% of the measured data fall in A+B range of
the Clarke error grid. The 1/e time constant for a response to step change in glucose
concentration is less than a minute in both aqueous medium and plasma. Finally, we surgically
implanted the SERS-active surface in a rat and quantitatively measured glucose concentrations in
vivo. All the measured data fall in A+B range of the Clarke error grid. For a response to step
change in glucose concentration, the l/e time constant after being implanted in a rat for 5 hr is
also less than a minute.

In summary, we have achieved or are well on the way to achieving the goals set forth in our
original statement of work. The aims for the current year will be to complete the studies in rat,
and to optimize the fiber optic probe.
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APPENDIX

Patent disclosure

New Partition Layer for Surface Enhanced Raman Nanobiosensor. M.R. Glucksberg, J.T.
Walsh, C. Ranjit-Yonzon, N.C. Shah, 0. Lyandres, July 26, 2005

Reprints of the following publications follow

Yonzon, C. R., Haynes, C. L., Zhang, X. Y., Walsh, J. T., Van Duyne, R. P. A Glucose
Biosensor Based on Surface-Enhanced Raman Scattering: Improved Partition Layer, Temporal
Stability, Reversibility, and Resistance to Serum Protein Interference. Anal. Chem. 76, 78-85,
2004.

Stuart, D. A., Yonzon, C. R., Zhang, X., Lyandres, 0., Shah, N., Glucksberg, M. R., Walsh, J. T.,
Van Duyne, R. P. Glucose Sensing Using Near-Infrared Surface-Enhanced Raman Spectroscopy:
Gold Surfaces, 10-Day Stability, and Improved Accuracy. Anal. Chem. 77, 4013-4019, 2005.

Zhang, X., Young, M. A., Lyandres, 0., Van Duyne, R. P. Rapid Detection of an Anthrax
Biomarker by Surface-Enhanced Raman Spectroscopy. J. Am. Chem. Soc., 127, 4484, 2005.

McFarland, A. D., Young, M. A., Dieringer, J. A., Van Duyne, R. P. Wavelength-canned
Surface-Enhanced Raman Excitation Spectroscopy. J. Phys. Chem. B 109, 11279-11285,
2005.

Haes, A. J., Haynes, C. L., McFarland, A. D., Zou, S., Schatz, G. C., Van Duyne, R., P.
Plasmonic Materials for Surface-Enhanced Sensing and Spectroscopy. MRS Bulletin 2005, 30,
368., 2005

Lyandres, 0., N.C. Shah, C.R. Yonzon, J.T. Walsh Jr., M.R. Glucksberg, and R.P. Van Duyne.A
Mixed Decanethiol/Mercaptohexanol Partition Layer Enables Real-Time Glucose Sensing by
Surface-Enhanced Raman Spectroscopy in Bovine Plasma. Anal. Chem. (manuscript in review).

Conference abstracts are also available upon request, but are not included in this appendix.
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A Glucose Biosensor Based on Surface-Enhanced
Raman Scattering: Improved Partition Layer,
Temporal Stability, Reversibility, and Resistance
to Serum Protein Interference

Chanda Ranjit Yonzon,?,* Christy L. Haynes,t,* Xiaoyu Zhang,t Joseph T. Walsh, Jr.,§ and
Richard P. Van Duyne*,T

Department of Chemistry and Department of Biomedical Engineering, Northwestern University, 2145 Sheridan Road,
Evanston, Illinois 60208-3113

This work updates the recent progress made toward Numerous studies have been performed in recent years toward

fabricating a real-time, quantitative, and biocompatible developing in vivo, minimally invasive, biologically compatible, and

glucose sensor based on surface-enhanced Raman scat- quantitative real-time glucose sensors.2,3 Of these studies, elec-

tering (SERS). The sensor design relies on an alkane- trochemical methods have been the most successful techniques,

thiolate tri(ethylene glycol) monolayer that acts as a relying on the detection of hydrogen peroxide produced by the

partition layer, preconcentrating glucose near a SERS- enzymatic oxidation of glucose.4.5 One of the disadvantages of this

active surface. Chemometric analysis of the captured indirect detection method is that glucose oxidase, the enzyme that

SERS spectra demonstrates that glucose is quantitatively catalyzes the oxidation, needs to be replenished and, therefore,

detected in the physiological concentration range (0-450 limits the lifetime of the sensor. Another serious problem inherent

mg/dL, 0-25 mM). In fact, 94% of the predicted glucose to enzymatic glucose sensors is the lack of stability due to the

concentrations fall within regions A and B of the Clarke intrinsic nature of enzymes. 6 To avoid the disadvantages of

error grid, making acceptable predictions in a clinically enzyme-based sensors, nonenzymatic detection of glucose has

relevant range. The data presented herein also demon- been recently developed using amperometric measurements on

strate that the glucose sensor provides stable SERS platinum electrodes.6-9 However, this method has insufficient
spectra for at least 3 days, making the SERS substrate a selectivity over interfering species in a biocompatible potential

candidate for implantable sensing. Glucose sensor re- range. 6,9 Indirect detection of glucose is also done using fluores-
versibility and reusability is evaluated as the sensor is cence spectroscopy. The signal transduction mechanism in

alternately exposed to glucose and saline solutions; after fluorescence sensors exploits the reversible glucose-binding

each cycle, difference spectra reveal that the partitioning characteristics of fluorophore-labeled concanavalin A (Con A);

process is largely reversible. Finally, the SERS glucose separation of the fluorophore from Con A yields a measurable

sensor successfully partitions glucose even when chal- signal. 10,5 Though this is a very promising technique that features
lenged with bovine serum albumin, a serum protein a physiologically relevant detection range, biomolecules similar

mimic. to glucose can interfere in this multistep process, giving false
positives. Diffraction spectroscopy, another indirect detection

Improved glucose-sensing technology will yield a significant method, has been implemented by Asher and co-workers to detect

increase in the quality of life for the 17 million diabetics and 16 glucose in aqueous humor.12' 3 In this technique, the binding of

million prediabetics in the United States. Scientific advances will glucose to boronic acid embedded in a polymerized crystalline

also considerably reduce the estimated $132 billion in annual t2) McNichols, R. j.; Cote. C. L. . Biomed. Opt. 2000, 5, 5-16.

economic cost of diabetes.' Diabetes mellitus is a disease (3) Steffes, P. G. Diabetes Technol. Ther. 1999, 1, 129--133.

characterized by elevated blood glucose levels caused by the (4) Tamada, J. A.; Garg, S.; Jovanovie, L.; Pitzer, K. R.; Fermi, S.; Potts, R. 0.

body's abnormal response to or production of insulin, a hormone I. Am. Med. Assoc. 1999, 282, 1839-1844.
(5) Kaufman, F. R.; Gibson, L. C.; Halvorson, M.; Carpenter, S.; Fisher, L. K.:

responsible for glucose metabolism regulation. The long-term Pitukcheewanont, P. Diabetes Care 2001, 24, 2030--2034.

health outlook of diabetic patients improves with frequent glucose (6) Park, S. C., T. C.; Kim, H. C. Anal. Chem. 2003, 75. 3046-3049.

measurements and careful control of glucose levels. (7) Vassilyev, Y. B.; Khazova, 0. A.; Nikolaeva, N. N. J Electroanal. Chem. 1985,
196, 105-125.

(8) Beden, B.; Largeaud, F.; Kokoh, K. B.; Lamy, C, Electrochim. Acta 1996,
* To whom correspondence should be addressed: (e-mail) vanduyne@ 41, 701-709.

chem.northwestern.edu. (9) Sun, Y. P.; Buck, H.; Mallouk, T. E. Anal. Chem. 2001, 73, 1599-1604.
Department of Chemistry. (10) Russell. R. J.; Pishko, M. V.; Cefrides, C. C.; McShane, M. J.; Cote, C. L.

'These authors contributed equally to this work. Anal. Chem. 1999, 71, 3126-3132.
Department of Biomedical Engineering. (11) Ballerstadt, R.; Schultz, I. S. Anal. Chem. 2000, 72, 4185-4192.

(1) American Diabetes Association, http://www.diabetes.org/main/application/ (12) Asher, S. A. A., V. L.; Coponenko, A. V.; Sharma, A. C.; Lednev, 1. K.; Wilcox,
commercewforigin=*.jsp&event=link(B1), access date 07-22-2003. C. S.; Finegold, D. N. J Am. Chem. Soc. 2003, 125, 3332-3329.
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colloidal array (PCCA) induces a change in osmotiSFmR~d asureifrl•r~ioitGkU•tdsL-utlseLs eMRtGfJ~uksbes bhman

swelling the PCCA and red-shifting the diffraction peak. However, scattering cross section of water2l and the sensitivity for trace level
glucose binds with boronic acid most efficiently when the pH is detection. 26

higher than 8.5, a nonphysiological condition. In our previous work,' 9 the first systematic study of the direct
The direct glucose detection methods developed so far include detection of glucose was performed using SERS. Glucose was

laser polarimetry14 and vibrational spectroscopies.' 5-19 The laser partitioned into a decanethiol monolayer adsorbed on a silver film

polarimetry detection method is based on the rotation of polarized over nanosphere (AgFON) surface and thereby preconcentrated

light caused by glucose in aqueous humor. Unfortunately, other within the zone of electromagnetic field enhancement. A chemo-

chiral constituents in this biological enviromnent, such as ascor- metric method, specifically, leave-one-out partial least-squares

bate and albumin, interfere during measurements.' 4 Further, the (LOO-PLS) analysis, was used to demonstrate quantitative glucose

rotation caused by corneal birefringence, and eye movement- detection in both large (0-4,500 mg/dL, 0-250 mM) and clinically
induced variation in this rotation, can greatly complicate the relevant (0-450 mg/dL, 0-25 mM) concentration ranges.

quantification of the glucose concentration in vivo.2 Vibrational Chemometric methods, such as LOO-PLS, are exploited for

spectroscopic methods applied to date for glucose sensing include analyte quantification when the spectrum of interest is embedded

near-infrared absorption, normal Raman scattering (NRS), and within a complex background spectrum.
surface-enhanced Raman scattering (SERS) spectroscopies. Both The current work demonstrates effective glucose quantification

NRS and SERS yield unique vibrational signatures for small- with improved alkanethiolate selectivity for glucose over a blood

molecule analytes, as well as quantitative information. The serum protein mimic in aqueous humor by using (1-mercaptoun-
implementation of near- and mid-infrared spectroscopic methods deca-11-yl)tri(ethylene glycol) (EG3) as the partition layer. In fact,

has a fundamental limitation due to the competing absorption by the data presented herein demonstrate that the EG3-modified
water and spectral congestion. However, the application of AgFON substrate provides stable SERS spectra for at least 3 days,
multivariate calibration models presents a possible remedy.' 7  making the SERS substrate a candidate for implantable sensing.
Raman spectroscopy, in all its forms, is a vibrational spectroscopic The reusability of the SERS sensor is evident during experiments
method that has the inherent ability to distinguish between where the EG3-modified AgFON is alternately exposed to glucose
molecules with great structural similarity, molecules such as and saline solutions. EG3 is known to form a 2-nm-thick monolayer

glucose and fructose.20 Moreover, normal Raman spectroscopy on noble metal surfaces 27 and provides a resistance to adsorption
has been shown to be able to detect physiological concentrations of proteins and enzymes.28-30 The ability of ethylene glycol-
of glucose in vitro from a simulated aqueous humor solution.' 8  terminated polymers to reject nonspecific binding by background
However, high laser powers and long acquisition times are proteins29 - 34 and its biocompatibility35- 37 have been at the center
required due to the inherently small NRS cross section of glucose, of interest in several studies. While the fundamental mechanism
5.6 x 10-30 cm 2 molecule-' sr-.21 Higher intensity Raman signals of such repulsion is still being debated, these highly valued

and lower detection limits can be achieved using SERS. SERS properties are exploited here to fabricate an improved SERS
produces very large enhancements in the effective Raman cross glucose sensor. The experiments presented herein demonstrate

section of species spatially confined within range of the electro- that an EG3 partition layer has the capability of capturing glucose
magnetic fields (viz. 0-4 nm)22 generated upon excitation of the near the surface, while showing resistance to serum albumin, the
localized surface plasmon resonance of nanostructured noble most abundant protein in plasma.3 8

metal surfaces. The Raman signals of ensemble-averaged mol- In our earlier publication introducing the possibility of a SERS-
ecules show enhancement of up to 8 orders of magnitude, 23 while based glucose sensor,' 9 we identified seven milestones to be

the signals from single molecules can show an increase by 14 or achieved on the path to a fully functional, continuous, minimally
15 orders of magnitude in special cases2 4.2" In comparison with invasive, quantitative, real-time, in vivo glucose sensor for applica-
infrared and NRS spectroscopies, SERS enjoys both the advantage tion in biological media including aqueous humor, interstitial fluid,

(13) Alexcev, V. L.; Sharma, A. C.; Coponenko, A. V.; Das. S.; Lednev, 1. K.; and blood. The first milestone, demonstration that quantitative
Wilcox, c. s.; Fioegold, D. N.; Asher, S. A. Anal. Chem. 2003, 75. 2316-
2323. (25) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; ltzkan, I.; Dasari, R. R.;

(14) Cameron, B. D.; Gorde, H. W.; Satheesan, B.; Cote, G. L. Diabetes Technol. Feld, M. S. Phys. Reiý Lett. 1997, 78, 1667-1670.
Ther. 1999, 1, 125-143. (26) Sylvia, J. M.; Janni. J. A.; Klein, J. D.; Spencer, K. M. Anal. Chem. 2000.

(15) Klonoff, D. C.; Braig, J.; Sterling, B.; Kramer, C.; Goldberger, D.; Trebino, 72, 5834-5840.
R. IEEELEOSNewsl. 1998, 12, 13-14. (27) Palegrosdemange, C.; Simon, E. S.; Prime, K. L.; Whitesides, C. M. J Am.

(16) Berger, A. J.; Koo, T. W.; ltzkan, I.; Horowitz, G.; Feld, M. S. Appl. Opt, Chem. Soc. 1991, 113, 12-20.
1999, 38, 2916-2926. (28) Prime, K. L.; Whitesides, C. M. Science 1991, 252, 1164-1167.

(17) Zhang, L.; Small, G. W.; Arnold, M. A. Anal. Chem. 2002, 74, 4097-4108, (29) Ostuni, E.; Chapman, R. G.; Liang, M. N.; Meluleni, G.; Pier, C.; Ingber, D.
(18) Lambert, J.; Storrie-Lombardi, M.; Borchert, M. IEEE LEOS Nemws. 1998, E.; Whitesides, G. M. Langmuir 2001, 17, 6336-6343.

12, 19-22. (30) Lahiri, J.; Isaacs, L.; Tien, J.; Whitesides, G. M. Anal. Chem. 1999, 71,
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sensing of glucose using SERS could be done SE aS Wasurem el foftdat aýeM[ih akx!;•rg, bold
circumstances was accomplished therein. The work presented Inficon XTM/2 quartz-crystal microbalance (East Syracuse, NY).
here demonstrates a set of four significant advances toward AgFON substrates were first incubated in 1 mM EG3 in ethanol
achieving these milestones: (1) replacement of the 1-decanthiol for more than 12 h. Then, the EG3-modified substrates were
partition layer with an EG3 mnonolayer, (2) detection of glucose mounted into a small-volume flow cell and exposed to glucose
in the presence of serum albumin, (3) 3-day temporal stability of solutions for 10 min to ensure complete partitioning of the glucose
the EG3-modified AgFON surface, and (4) demonstration of the into the EG3 monolayer.
reversible nature of glucose partitioning. The remaining mile- Surface-Enhanced Raman Scattering Spectroscopy. A
stones yet to be achieved include the following: (1) glucose Spectra-Physics model 120 HeNe laser was used to produce the
sensing in the presence of other small-molecule analytes, (2) 632.8-nm excitation wavelength (A,,); the laser spot size was less
fabrication of a AgFON substrate on the tip of a fiber-optic probe than 2 mm in diameter. The SERS measurement system includes
and in vivo testing of the SERS-active probe, (3) miniaturization an interference filter (Edmund Scientific, Barrington, NJ), a
of the implanted SERS-active surface, and (4) miniaturization of holographic notch filter (Kaiser Optical Systems, Ann Arbor, MI),
the SERS instrument. After achieving these milestones, one can a model VM-505 single-grating monochromator with the entrance
envision the application of the SERS sensor as a biomedical slit set at 100apm (Acton Research Corp., Acton, MA), and a LN2-
glucose-sensing technology. Specifically, this miniaturized SERS cooled CCD detector (Roper Scientific, Trenton, NJ). A collection
substrate (microscale or nanoscale) will be implanted subcutane- lens with magnification 5 was used to collect the scattered light.
ously or incorporated as a component of a prosthetic lens in the The small-volume flow cell" was used to control the external
eye, achieving glucose detection with external excitation and environment of AgFON surfaces throughout the SERS experiment.
collection apparatus. Chemnoinetrics Method. All data processing was performed

using MATLAB (MathWorks, Inc., Natick, MA) and PLS Toolbox
EXPERIMENTAL SECTION (Eigenvector Research, Inc., Manson, WA). Prior to analysis,

Materials. All the chemicals were of reagent grade or better cosmic rays were removed from the spectra using a derivative
and used as purchased. Ag wire (99.99%, 0.04-in. diameter) was filter. The slowly varying background, commonly seen in SERS
purchased from D. F. Goldsmith (Evanston, IL). Oxygen-free high- experiments, was removed mathematically by subtracting a fourth-
conductivity copper was obtained from McMaster-Carr (Chicago, order polynomial. This method minimally affected the SERS peaks
IL) and cut into 18-mam-diameter disks. CH 3CH 2Ot-[, 1-202, and while greatly reducing the background level. The SERS spectral
N1H4014 were purchased from Fisher Scientific (Fairlawn, VA). intensities were normalized using the 1107-cm- 1 peak from the
Surfactant-free, white carboxyl-substituted latex polystyrene nano- EG3 partition layer spectrum. From each spectrum, the absolute
sphere suspensions (390 ± 19.5 nm diameter, 4% solid) were peak intensity of the 1107-cm-1 peak was obtained by subtracting
acquired from Duke Scientific Corp. (Palo Alto, CA). Tungsten the peak friom the background (at 1174 cm-'). An average peak
vapor deposition boats were purchased from R. D. Mathis (Long intensity was determined for each experiment. To obtain the
Beach, CA). For substrate and solution preparations, ultrapure normalization factor for each sample spectrum, the average peak
water (18.2 MQ cm-') from a Millipore academic system (Mar- intensity was divided by the absolute peak intensity measured in
lborough, MA) was used. Bovine serum albumin (BSA), saline, each spectrum. Each spectrum was normalized by multiplying the
and tris buffer (pH-I = 7.4) were obtained from Sigma (St. Louis, spectrum by the normalizing factor before chemometric analysis.
MO). The disposable filters with 0.45-,m pore size were acquired Then, data analysis was performed using partial least-squares
from Gelman Sciences (Ann Arbor, MI). (l-Mercaptoundeca-lI- leave-one-out analysis.
yl)tri(ethylene glycol) (I-IS(CI-12)11(OCH2CH2)3Ol-, EG3) was UV-Visible Spectroscopy. Measurements were carried out
synthesized2 7 and donated by the Mrksich group at the University in a model 5000 Cary UV-Vis-NIR spectrometer (Varian Inc.,
of Chicago.39  Palo Alto, CA) using deuterium lamps.

AgFON Fabrication and Incubation Procedure. AgFON
substrates were used because of their stable SERS activity in RESULTS AND DISCUSSION
electrochemical, 41A1 ultrahigh vacuum, 42 and ambient experi- Significant progress has been made toward achieving a real-
ments.19 In this work, AgFONs were fabricated on copper time, minimally invasive, biocompatible SERS glucose sensor. In
substrates. The copper substrates were cleaned by sonicating in previous work by Van Duyne and co-workers,1 9 decanethiol was
10:1:1 H20/30% H20 2/NH,40H. Approximately 12 ,uL of nano- used as a partition layer for glucose, but the required sensor
sphere solution was drop-coated onto a clean copper substrate characteristics of temporal stability, reversibility, and biocompat-
and allowed to dry at room temperature. Then, 200-nm-thick Ag ibility were not studied in detail, Herein, EG3 was chosen as a
films were deposited onto and through the nanosphere mask using partition layer because of its biocompatibility and hydrophilic
a modified Consolidated Vacuum Corp. vapor deposition system properties, progressing toward the long-term goal of fabricating
(base pressure 10-7 Torr).4a The mass thickness and deposition an implantable glucose sensor. The EG3-modified AgFON sub-

strate was exposed to various concentrations of glucose under
(39) Hodne2and, C. D.; Lee, Y. 5.; Mn, D. H.: Mrksich. M. Proc. Nati. Acad, ScL physiological conditions, promoting preconcentration of glucose

U.S.A. 2002, 99, 5048-5052.

(40) Dick, L. A.; McFarland, A. D.; Haynes, C. L.; Van Duyne, R. P. . Ph1s. Chem. near the AgFON surface (Figure 1). After data analysis using LOO-
B 2002, 106, 853-860.

(41) Dick, L. A.; Haes, A. J.; Van Duyne, R. P. j Phs. Chen. B 2000, 104,11752- (43) Hulteen, J. C.: Van Duyne, R. P. ]. Vac. Sci. Technol. A 1995, 13, 1553-
11762. 1558.

(42) Litorja, M.; Haynes, C. L,; Haes, A. J.; Jensen, T. R.; Van Duyne, R, P. . (44) Malinsky, M. D.; Kelly, K. L.; Schatz. G. C.; Van Duyne, R. P.J. Am. Chem.
Phys. Chem. B 2001, 105, 6907-6915. Soc. 2001, 123, 1471-1482.
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method. In the data presented in Figure 2, five loading vectors
E were found to minimize the root-mean-squared error of cross-

0 0 160 240 320 400 validation (RMSECV). The resulting cross-validated glucose0 so 160 240 320 400

Actual Concentration (mgtdL) concentration predictions are presented in the Clarke error grid

Figure 2. Clarke error grid of LOO-PLS predicted glucose concen- (Figure 2).

tration versus actual glucose concentration (5 loading vectors). The EG3-modified AgFON sensor quantitatively detects glu-

AgFON samples were made (D = 390 nm, dm = 200 nm), incubated cose in the physiological range with a corresponding RMSECV
for -16 h in 1 mM EG3 solution, and dosed in glucose solution of 82 mg/dL (4.5 mM). In Figure 2, 94% of the predictions fall in
(range: 0-450 mg/dL, 0-25 mM) for 10 min. Each SERS measure- zones A and B, while a few data points overlap in zone D within
ment was made in the flow cell under saline with pH = 7.4, using )ex the hypoglycemic area (<70 mg/dL, <3.9 mM). The cross-
= 632.8 nm, Piaser =2.5 mW, and t = 30 s. validation error of 82 mg/dL (4.5 mM) can be partially attributed

to variation of the SERS enhancement factor on different AgFON
PLS, the results are presented in a Clarke error grid (Figure 2). samples. The nanostructure on a AgFON substrate varies from
Clarke and co-workers established the Clarke error grid as the point to point, affecting the localized surface plasmon resonance
metric for evaluating glucose sensor efficacy in the clinical and, accordingly, the SERS enhancement factor.23 In an effort to

concentration range. 45 The Clarke error grid is divided into five reduce the cross-validation error, the data later presented in Figure
major zones: zone A predictions lead to clinically correct treatment 7 used a single AgFON sample with a single point of detection.
decisions; zone B predictions lead to benign errors or no In addition to demonstrating quantitative glucose detection in a
treatment; zone C predictions lead to overcorrecting acceptable clinically relevant concentration range, other characteristics of the
blood glucose concentrations: zone D predictions lead to danger- EG3-modified AgFON glucose sensor, such as durability, re-
ous failure to detect and treat; and zone E predictions lead to usability, and selectivity, also need to be evaluated.
further aggravating abnormal glucose levels. Temporal Stability of the EG3-Modified Substrate. Im-

Quantitative Study of Glucose Using EG3 Partition Layer. plantable glucose sensors must be stable for at least a 3-day
A viable glucose biosensor must be capable of detecting 0-450 period. 5 Previous work has demonstrated that bare AgFON
mg/dL (0-25 mM) glucose under physiological conditions. surfaces display extremely stable SERS activity when challenged
Toward this goal, each EG3-modified AgFON sample was incu- with high potentials40 and high temperatures in ultrahigh vacuum. 42

bated for 10 min in a pH = 7.4 saline solution containing glucose Here, the stability of the EG3-modified AgFON SERS substrate
concentrations from 0 to 450 mg/dL (0-25 mM). The samples is studied over a period of 3 days in saline with p-i = 7.4 at room
were placed in an environmental control flow cell under saline, temperature. SERS spectra were captured every 24 h from the

and SERS spectra were then measured (A,,= 632.8 nm, Pi ...- = same sample location (A,,, = 632.8 nm, t = 60 s) (Figure 3). The
2.5 mW, t = 30 s). After spectral normalization using EG3 peak EG3 spectral band positions do not vary significantly over the
intensities, the SERS spectra were analyzed with the LOO-PLS course of 72 h. However, peaks at 1107 and 1064 cm-' increase
(45) Clarke, W. L.; Cox, D.; Conder-Frederick, L. A.: Carter, W.; Pohl, S. L. in intensity by 7.5 and 13% over 48 h, respectively (inset in Figure

Diabetes Care 1987, 10, 622-628. 3). The molecular order of self-assembled monolayers (SAMs)
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Figure 4. SERS spectra demonstrating the partition/departition capability of the EG3-modified AgFON substrate. The left panel displays SERS
spectra of the sample cycled between 250 and 0 mM glucose solutions using ) ea = 632.8 nm, Paser = 1.5 mW, and t = 30 x 20 s. (F) and (G)
Difference spectra illustrating the glucose partitioning obtained by subtracting (B) from (A) and (D) from (E), respectively. (H) Difference spectra
illustrating the glucose departitioning obtained by subtracting (C) from (E). Inset shows the schematic of the partition/departition concentration
pulse experiment. (I) NRS of crystalline glucose for comparison, Aex = 632.8 nm, Plaser = 5 mW, and t = 30 s. * denotes adu mW- 1 s-.

increases with incubation time;46 the rearrangement of the SAM in the SERS difference spectrum (Figure 4F) at 1320, 1260, 1168,
gives rise to peaks with increasing intensity.. The SERS peaks at 1124, and 1076 cm-1 correspond with the Raman spectrum of
1341 and 834 cm-n have been identified as a signature of highly crystalline glucose. To evaluate the glucose departitioning, spectral

ordered SAMs 47,48 and are the subject of further investigation, subtraction of two glucose-containing cycles was performed
Reversible Glucose Sensing. While the quantitative detection (Figure 4H). Figure 4H shows spectral features that match with

of glucose using the EG3-modified AgFON sensor and the stability the glucose peaks at 1320 and 1076 cm-', but with lower
of the sensor has been demonstrated, an implantable sensor must intensities. Based on the 1076-cm- 1 peak area, up to 33% of the
also be reusable. To examine the partition/departition capability glucose may remain in the EG3 layer after the 0 mM glucose

of the EG3-modified AgFON sensor, it was exposed to cycles of cycle. The high glucose concentration used in this experiment
250 and 0 mM glucose solutions without flushing the sensor with caused incomplete departitioning after each cycle, and accordingly,

saline between measurements (Figure 4 inset). SERS spectra were the glucose accumulated in each step. However, physiological
captured after each concentration variation (A,, = 632.8 nm, concentrations (0-450 mg/dL, 0-25 mM) of glucose will not
Pjbwr = 1.5 mW, t = 30 x 20 s) (Figure 4, left panel). Traces F likely cause such accumulation in the partition layer, and the
and G of Figure 4 are the difference spectra representing glucose natural flow of aqueous humor"' or interstitial fluid will assist
partitioned into the EG3 SAM. Figure 41 is the Raman spectrum glucose departitioning.
of crystalline glucose for comparison. Vibrational modes at 1342 Selectivity of the Sensor for Glucose in the Presence of

(C-C-H bend), 1270, 1164, 1116 (C-C + C-O stretch), 1070 Blood Serum Protein Mimic. Quantitative detection, temporal

(Cl-OH stretch), 914 (0-Cl-Hi bend), and 840 cm-1 (C-C stability, and reusability are important characteristics of a viable
stretch) are known to be signatures of crystalline glucose.20 The biosensor; however, the glucose sensor must be effective in the
literature has shown that SERS spectral bands shift up to 25 cm-1 presence of interfering proteins. Serum albumin is a blood serum

when compared to the NRS bands of the same analyte.49 Peaks protein mimic for challenging the glucose sensor. Prior to use,
BSA solutions were filtered using track-etch membranes with 0.45-

(46) Biebuyck, H. A.; Bain, C. D.; Whutdes, G. M. Langmuh 1994, 10. 1825- !m-diameter pores to remove any undissolved particulate, and UV
1831.

(47) Clark, B. K.: Gregory, B. W.; Avila, A. J Phys. Chem. B 1999, 103, 8201- absorption spectra were taken to determine the BSA concentra-
8204. tion. BSA solutions of 0.00, 0.63, 1.25, and 2.50 mg/mL were made

(48) Gregory, B. W.; Clark, B. K.; Standard, J. M.; Avila, A. J. Phys. Chem. B
2001, 105, 4684-4689. (50) Vanlandingham. B. D.; Brubaker, R. F. Amj Ophthalmol. 1998, 126, 191-

(49) Stacy, A. M.: Van Duyne, R. P. Chem. Phj's. Lett. 1983, 102, 365-370. 196.
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0 0.5 1 1.5 2 2.5 flow cell, the SERS spectrum was collected throughout the 240-s

1.6- incubation (Figure 6B). Finally, the sample was exposed to 100
AmM glucose, and the SERS spectrum was collected (Figure 6C).
Figure 6D is the difference spectrum demonstrating that serum
albumin does not have a measurable SERS spectrum. The lack of1.2
SERS serum albumin bands could be due either to the small

O Raman scattering cross section of serum albumin or to the

inefficient adsorption of serum albumin to the EG3 partition layer.

0.8- Figure 6E demonstrates that the SERS glucose sensor is still
0 effective after substrate exposure to an interfering protein. The

peaks at 1449, 1433, 1339, 1291, 1108, 1077, 1059, and 855 cm 1

(Figure 6E) correspond with the crystalline glucose peaks shown
0,4 in Figure 6F. Note that the glucose difference spectrum in Figure

6E has an altered appearance when compared to the glucose
difference spectra shown in Figure 4F and G. This is the case

0- . because difference spectra highlight the glucose features versus

0 7.6 15.2 22.7 30.3 37,9 the background spectral features. Varied background solution

Concentration (ptm) components yield varied glucose difference spectra. As long as
the spectral locations of the peaks are comparable to the bulk

2 B.glucose spectrum, it is fair to conclude that glucose is present.
•. '- //,," 'This experiment shows that glucose partitioning into EG3 is not

'i 7 affected by the presence of large molecules such as serum
1.5

4.) 01.16. albumin. The peak at 695 cm-1 (Figure 6A) shifts to 710 cm'
4 1.12. (Figure 6C) in the presence of glucose. This shift may be tlue to

M 10,8 the rearrangement of the SAM when the glucose molecules
leth 280 partition into EG3. The observed shift further supports the0 Wavelength (nm)

0 Weent n)hypothesis of glucose penetrating deeply into the EG3 monolayer,

,0 0.5 affecting even the character of the C-S bond.
Further studies of the effects of interfering protein were

performed using glucose solutions (25-450 mg/dL, 1.4-25 mM)
"0 B made in pH = 7.4 tris buffer containing 2 mg/mL serum albumin

- BSA after filtration (filtered before addition). The EG3-modified AgFON was placed
in a flow cell with the glucose solution, and SERS spectra were

-0.5 • then measured (A,,= 632.8 nm, Pi.... = 3 mW, t = 60 s). After
240 280 320 360 spectral capture, the glucose solution was flushed friom the flow

Wavelength (nm) cell, and the next glucose solution was injected. The next spectrum
was captured from the same spatial location on the AgFON afterFigure 5. BSA concentration determination using UV absorption. 10-min incubation. The AgFON sensor was not flushed with saline

(A) Calibration using 0.00, 0.63,1.25, and 2.50 mg/mL BSA in saline,

pH = 7.4. (B) UV absorption of 33.2 /M (2.19 mg/mL) BSA before between incremental glucose measurements in order to mimic

and after filtration using track-etch membranes with 0.45-ym-diameter the characteristics of in vivo measurements. After spectral
pores. The inset magnifies the absorption difference between the normalization using EG3 peak intensities, the SERS spectra were
filtered BSA and nonfiltered BSA. analyzed with the LOO-PLS method. In the data presented in

Figure 7, four loading vectors were found to minimize the
to create a Beer-Lambert calibration curve with R2 of 0.9990 RMSECV. The resulting cross-validated glucose concentrations
(Figure 5A). The molar extinction coefficient at 277 nm, 6277 of are presented in the Clarke error grid format (Figure 7).
BSA was calculated to be 3.7 x 104 M-1' cm-. This correlates This work demonstrates that the EG3-modified AgFON sensor
with literature values ranging from 4.36 x 104 to 2.77 x 101 at can be used to quantitatively detect glucose in the presence of
wavelengths 279-288 nm. 51 Figure 5B shows the UV absorption serum albumin in the physiological range with a RMSECV of 54

spectra of 33.2 uM (2.19 mg/mL) BSA before and after filtration. mg/dL (3 mM). In Figure 7, nearly all the predictions lie in zones
The calculated BSA concentration after filtration was 32.6 uM (2.15 A and B, with the exception of one data point, which lies in zone
mg/mL), indicating a loss of 1.8% during filtration through 0.45- D within the hypoglycemic region of the Clarke error grid (<70
pm-diameter pores. The inset in Figure 5B magnifies the absorp- mg/dL, < 3.9 mM). When comparing the RMSECV calculated in

tion difference between the BSA before and after filtration. Figure 7 to that calculated in Figure 1, great improvement is
Figure 6A shows the SERS spectrum of the EG3-modified apparent when a single sample and a single detection point are

AgFON substrate in saline (Q,, = 632.8 nm. Pia.. = 0.8 mW, t = used. The RMSECV in Figure 7 may be further improved by

(51) Fasman, G. D. Handbook of Biochemistrr and Molecular Biology 3rd ed.: eliminating excitation laser power fluctuation and solution turbu-

CRC Press Inc.: Cleveland, OH, 1976. lence present in the cell. In addition, the longevity of the EG3-
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Figure 6. SERS spectra showing detection of glucose in the presence of serum albumin. (A) EG3 monolayer on AgFON substrate, )-ex=

632.8 nm, Plaser 0.8 roW, and t = 240 s. (B) A 1 mg/mL solution of serum albumin injected into the flow cell to challenge the EG3-modifled
AgFON, )2ex = 632.8 nm, Piaser = 0.8 mW, and t = 240 s. (C) A 100 mM solution of glucose injected into the flow cell, )2ex 632.8 nm, Piaser=

0.8 moW, and t =240 s. (D) Difference spectrum obtained by subtracting (A) from (B) revealing the lack of SERS spectrum for adsorbed serum
albumin. (E) Difference spectrum obtained by subtracting (B) from (C) indicating serum albumin exposure does not interfere with glucose detection.
(F) Normal Raman spectrum of crystalline glucose for comparison, )ex = 632.8 nm, Piaser = 5 moW, and t = 30 s. * denotes adu mW-1 s-'.

Actual Concentration (mM) Measured SERS spectra indicate that the surface is durable as

,,5.0, 10.0 ,15.0 ,20.0, well as SERS-active even when exposed to the blood serum protein
1 • /A /mimic for several hours. Future studies will investigate 3-day

20.00 •exposure to the blood serum protein mimic before detection of
E Ei/eeEgco.

15. CMONCUSON

S2401 B .• / Significant progress has been made toward achieving a real-

160 D / • ie uniaie and biocompatible SERS glucose sensor. In our

~C Vr - ,~

0 for glucose, but the required sensor characteristics of stability,

S,]__ ,/!51I-.0 . reversibility, and selectivity were not studied in detail. This"r 6 S t o in d c f technology is further advanced by demonstration of quantitative

638 = 08 , adetection of glucose in the physiological range (0-450 mg/dL,
0 80 160 240 320 400 0-25 mM) under physiological conditions, 3-day sensor stability,
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Figure 7. Clarke error grid of LOO-PLS predicted glucose concen- A rt2tioner efficaco the senores an optimszed
tration versus actual glucose concentration in the presence of 2 mg/ partition layer, and glucose detection in the presence of an

mL BSA (4 loading vectors). An AgFON sample was made (D = 390 interfering protein.

nm, dm = 200 nm), incubated in 1 mM EG3 solution for --16 h, and The accuracy of the SERS glucose sensor is evaluated using
dosed in glucose solution (range: 25-450 mgAdL, 1.4-25 mM)with the Clarke error grid, the accepted metric for judging the
2 mg/mL BSA for 10 mi. Each SERS measurement was made in prediction capability of glucose sensors in the clinical concentra-

the flow cell under tris buffer with pH = 7.4, using ,l.ex = 632.8 nm, to ag. 5 I at 4 ftepeitosfl nznsAadB
Piaser = 3 mW, and t = 60 s. signifying that correct treatment choices can be made using this

sensor. Additionally, the Ec3-modified AgEON sensor quantita-
modified AgFON surface was investigated by incubating the tively detects glucose in the physiological range with a corre-
substrate in 2 mg/mL BSA for 6 h during data collection. sponding cross-validation error of 82 mg/dL (4.5 mM). A large
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q portion of the calculated error can be attributed to t•KlR•yl•asur••llntt(lls•acldlL•Rt•t•e-sM•;•l:l•aded in
SERS enhancement factors due to sample-to-sample variation, the presence of other interfering proteins and analyte mixtures

The stability of the EG3-modified AgFON SERS substrate is found in aqueous humor, interstitial fluid, and blood.
evident as the SERS bands and intensities do not change
significantly during a 3-day incubation period in saline with pH = ACKNOWLEDGMENT

7.4 at room temperature. The molecula1" order of the EG3 SAM The authors acknowledge the technical assistance of Adam
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ceutrations of glucose will not likely cause such accumulation in Foundation (EEC-0118025 and DMR-0076097), the Air Force
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Glucose Sensing Using Near-infrared
Surface-Enhanced Raman Spectroscopy: Gold
Surfaces, lO.Day Stability, and Improved Accuracy
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Evanston, Illinois, 60208-3113

This research presents the achievement of significant particularly in complex biological fluids, which by nature vary
milestones toward the development of a minimally inva- greatly in their constituents, not only between individuals but also
sive, continuously monitoring, glucose-sensing platform throughout the day for a particular individual.
based on the optical quantitation of glucose in interstitial Currently, the most successful methods for glucose detection
fluid. We expand our initial successes in the measurement are indirect measurements that rely on the natural affinities of
of glucose by surface-enhanced Raman scattering (SERS), proteins such as glucose oxidase.23 The uncomfortable "finger
demonstrating substantial improvements not only in the stick" measurement familiar to diabetics relies on the electro-
quality and optical properties of the substrate system itself chemical detection of the redox species produced by the enzy-
but also in the robustness of the measurement methodol- matic reduction of glucose by glucose oxidase.2 Given the success
ogy and the amenability of the technique to compact, of the enzymatic technique, due primarily to the protein's inherent
diode laser-based instrumentation. Herein, we comparediod laer-ase intruentaion Heein wecomare amenability to biological environments and high affinity for
the long-term stability of gold to silver film over nano- amenability tosbiolog ro nments and hg afinity for
sphere (AuFON, AgFON) substrates functionalized with glucose, many research groups have attempted to utilize glucose-
a partitioning self-assembled monolayer (SAM) using both sensitive enzymes in novel, nonelectrochemical techniques. For

electrochemical and SERS measurements. AuFONs were example, Pishko and co-workers used fluorescence resonance

found to be stable for a period of at least 11 days. The energy transfer (FRET) to measure glucose by incorporating

switch to AuFONs not only provides a more stable surface fluorescently labeled concanavalin A and dextran in a poly-
for SAM formation but also yields better chemometric (ethylene glycol) hydrogel matrix.4 Glucose competitively binds
results, with improved calibration and validation over a to the concanavalin A, displacing the dextran, thus separating the
range of 0.5-44 mM (10-800 mg/dL). Measured values protein/dextran FRET pair. The increase in the fluorescence of
for glucose concentrations in phosphate-buffered saline the dextran label was used to track changes in the glucose
(pH -7.4) based on 160 independent SERS measure- concentration. Pei and co-workers recently reported on a micro-
ments on AuFONs have a root-mean-square error of cantilever system sensitive to glucose.5 Glucose oxidase was
prediction of 2.7 mM (49.5 mg/dL), with 91% of the immobilized onto a microfabricated cantilever surface, which
values falling within an extended A-B range on an undergoes bending due to surface stress changes upon binding
expanded Clarke error grid. Furthermore, AuFONs ex- of glucose. The above methods all experience similar limitations
hibit surface plasmon resonances at longer wavelengths

thansimlarAgFOs, hic mak thm mre eficentfor because they rely on the same core chemistry-the protein-than similar AgFONs, which make them more efficient for

SERS at near-infrared wavelengths, enabling the use of mediated binding of glucose. Proteins have inherently finite

low-power diode lasers in future devices, stability, particularly in terms of enzyme turnover lifetime, leading
to a need to replenish the protein. Such sensors are also sensitive

The routine electrochemical determination of blood glucose to interferences, e.g., similar monosaccharides, uric acid, acetami-

concentrations by diabetics is arguably the single most common nophen, or dissolved oxygen.3 6 The binding of enzymes is also

analytical measurement made on a given day in the United States, known to be temperature and pH dependent, variables frequently

Therefore, analytical methods that can improve on existing beyond experimental control in real-world systems.

technologies by lowering cost, improving accuracy, or increasing
ease of use stand to directly benefit the 18 million American (1) All About Diabetes: American Diabetes Association, http://www.diabetes.org/

about-diabetes.jsp (access date 09-08-2004).
diabetics. The accurate measurement of glucose is challenging, (2) Heller, A. Annu. Rev. Biomed. Eng. 1999, 1, 153.-

(3) Wilson, G. S.; Hu, Y. Chen. Rev. 2002, 100, 2693.
* To whom correspondence should be addressed: (e-mail) vanduyne@ (4) Russell, R. J.; Pishko, M. V.; Gefrides, C. C.; McShane, M. J.; Cote, G. L.

chem.northwestern.edu. Anal. Chem. 1999, 71, 3126.
SDepartment of Chemistry. (5) Pei, J. H.; Tian, F.; Thundal, T. Anal. Chem. 2004, 76, 292.
SDepartment of Biomedical Engineering. (6) Turner, A. P. F.; Chen, B. N.: Piletsky, S. A. Clin. Chem. 1999, 45,1596.
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Others have mimicked the specificity of proteins fSr• Soeasureftntf G uJbsea-•ttiasattc-i 0twhsfergpiRlty of

drates by using compounds such as boronic acids,7' 8 molecularly infrared and near-infrared (NIR) absorbance 23 0-: and Raman

imprinted polymers (MIPs),9"°0 or other nonbiological molecules spectroscopies for glucose detection.31-31 Current NIR results are

that bind glucose'I and undergo a subsequent physically observ- impressive, but the instrumental constraints, i.e., size, cost, and

able change. These chemistries have been featured in numerous power, are presently prohibitive for portable applications. For

indirect detection methods including diffraction spectroscopys " 2  example, several groups have recently published results demon-

fluorescence,4,71,' 5-1 and colorimetric UV-visible spectroscopy.1,17  strating both sensitive and accurate glucose measurements using

The aforementioned methods have all been used-to varying infrared absorbance. Unfortunately, the acquisition of high-quality

degrees of success-for glucose detection. However, both boronic spectral data can require high powers delivered at the sample and

acid and imprinted polymer sensors are generally less sensitive lengthy collection times. Raman spectroscopic methods applied

to glucose than to other sugars.' 1" 3 Many of the boronic acids to glucose detection also require high powers and long acquisition

optimally bind glucose at higher than physiological pH, although times due to the very small Raman scattering cross section of

progress is being made toward synthesizing boronic acid deriva- glucose, 5.6 x 10-30 cm 2 molecule--' sr-1, as determined by

tives that bind glucose at lower pH." MIPs similarly exhibit McCreery and co-workers. 39 This is particularly important when

difficulty with selectivity, due to the structural specificity of the samples consisting of complex mixtures are used because other
"glucose-shaped" binding cavity." Such indirect methods offer a molecules, such as hemoglobin, may be strong scatterers. If

potentially unlimited number of sensitive detection modalities, sufficiently high in concentration or scattering cross section, the

including signal multiplication. However, they have many possible nontarget molecules' Raman scattering can overwhelm the glucose

sources of error, particularly from competing species. Therefore, signal. Detection in less complicated media such as interstitial

it is desirable to be able to directly assess the concentration of fluid, tears, or the aqueous humor of the eye could potentially

glucose in solution, ameliorate the difficulties inherent in interpreting spectra with

The direct detection of glucose has been a more challenging many confounding analytes,4 ' but is complicated by the low level

analytical problem than the indirect measures detailed above, of glucose in these fluids relative to blood and the time differential

While glucose can be directly assayed by a variety of laboratory in glucose concentration between blood and secondary fluid

techniques (mass spectrometry, chromatography, etc.),19,20 the levels.
22'4' The higher signal intensity gained from the surface-

number of methods amenable to clinical or personal use is more enhanced Raman scattering (SERS) phenomenon overcomes the

limited. The majority of the direct glucose detection techniques limitations imposed by weak signal strength, enabling the use of

are optical because of the reagentless, nondestructive, and rapid lower power and shorter acquisition times. 42 When molecules are

nature of spectroscopic analysis. Polarimetry has been used to brought into proximity to nanoscale roughened metal surfaces,

measure glucose levels based on the rotation of light in aqueous the intensified local electromagnetic field generated by the

humor.21,22 Unfortunately, other chemical species in aqueous nanoscale structures is able to enhance the observed Raman

humor, such as ascorbate and albumin, are also optically rota- scattering by 106-10s, and in exceptional cases as much as 101"

tionally active and can mask the concentration of glucose. times.43--'
9 Furthermore, SERS is highly surface selective, such

Furthermore, the birefringence of the cornea itself complicates

such polarimetric measurements. Vibrational spectroscopies en- (23) Kasemsumran, S.; Du, Y. P.; Murayama, K.; Huehne, M.; Ozaki, Y. Anal.

Chim. Acta 2004, 512, 223.
able quantitative, molecularly specific data to be acquired that can (24) Jensen. P. S.; Bak, J.; Ladefoged, S.; Andersson-Engels, S. Spectrose. Acta,

readily distinguish analytes based on their unique spectroscopic Part A 2004, 60, 899.
(25) Zhang, L; Small, G. W.; Arnold, M. A. Anal. Chem. 2003, 75, 5905.

(7) Karnali, V. V.; Gao, X.; Gao, S.; Yang, W.; Ni, W.; Sankar, S.; Wang, B. (26) Wabomba, M. J.; Small, G. W.; Arnold, M. A. Anal. Chim. Acta 2003, 490,

Bioinsrg. Med. Chem. Lett. 2002, 12, 3373. 325.
(8) Alexeev, V. L.; Sharma, A. C.; Goponenko, A. V.; Das, S.; Lednev, I. K.; (27) Shen, Y. C.; Davies, A. G.; Linfield, E. H.; Taday, P. F.; Arnone, D. D.; Elsey,

Wilcox, C. S.; Finegold, D. N.; Asher, S. A. Anal. Chem. 2003, 75, 2316. T. S.. Biol. Phys. 2003, 29, 129.
(9) Parmpi, P.; Kofinas, P. Biomaterials 2004, 25, 1969. (28) Maruo, K; Tsurugi. M.; Tamura. M.; Ozaki, Y. Appl. Spectrose. 2003, 57,

(10) Byrne, M. E.; Park, K.; Peppas, N. A. Adv. Drug Delivery Rev. 2002, 54, 1236.
149. (29) Jensen, P. S.; Bak, J.; Andersson-Engels, S. AppI. Spectrose. 2003, 57, 28.

(11) James, T. D.; Shinkai, S. Artificial receptors as chemosensors for carbohy- (30) Arnold, M. A. Abst. Pap. Am. Chem. Soc. 2002, 224, U114.

drates. In Host-Guest Chemistry; Springer-Verlag: Berlin, 2002; Vol. 218; (31) Bell, Aý F.; Barron, L. D.; Hecht, L. Carbohydr. Res. 1994, 257, 11.
p 159. (32) Berger, A. J.; Wang, Y.; Feld, M. S. Appl. Opt. 1996, 35, 209.

(12) Asher, S. A A, V. L.; Goponenko, A- V.; Sharma, A. C.; Lednev, I. K.; Wilcox, (33) Lambert, J.; Storrie-Lombardi, M.; Borcherl, M. IEEE LEOS Newesl. 1998,
C. S.; Finegold, D. N.J Am. Chem. Soc. 2003, 125, 3332. 12, 19.

(13) Badugu, R.; Lakowicz, J. R.; Geddes, C. D. Anal. Chem. 2004, 76, 610. (34) Enejder, A. M. K; Koo, T. W.; Oh, J.; Hunler, M.; Sasic, S.; Feld, M. S.;

(14) Cao, H. S.; Diaz, D. I.; DiCesare, N.; Lakowicz, J. R.; Heagy, M. D. Org. Horowitz, G. L. Opt. Lett. 2002, 27, 2004.
Lett. 2002, 4, 1503. (35) Mrozek, M. F.; Weaver, M. J. Anal. Chem. 2002, 74, 4069.

(15) James, T. D.; Shinmori, H.; Shinkai, S. Chem. Commun. 1997, 71. (36) Yonzon, C. R.; Haynes, C. L; Zhang, X. Y.; Walsh, J. T.; Van Duyne, R. P.
(16) DiCesare, N.; Lakowicz, J. R. Org. Lett. 2001, 3, 3891. Anal. Chem. 2004, 76, 78.

(17) Asian, KI; Zhang, J.; Lakowicz, J. R.; Geddes, C. D. J. Fluoresc. 2004, 14, (37) Berger, A J.; llzkan, I.; Feld, M. S. Spectroc. Acta, Part A 1997, 53, 287.

391. (38) Shafer-Pelfier, K E.; Haynes, C. L.; Glucksberg, M. R.; Van Duyne, R. P. J.
(18) Das, S.; Alexeev, V. L; Sharma, A C.; Geib, S. J.; Asher, S. A. Tetrahedron Ain. Chem. Soc. 2003, 125, 588.

Lett. 2003, 44, 7719. (39) McCreery, R. L Raman Spectroscopy for Chemical Analysis; John Wiley &
(19) Blanco Gomis, D.; Muro Tamnayo, J.; Alonso., M. Anal. Chim. Acta 2001, Sons: New York, 2000; Vol. 157.

436, 173. (40) Lambert, J. L.; Morookian, J. M.; Sirk, S. J.; Borchert, M. S. J. Raman
(20) Di Gioia, M. L; Leggio, A; Le Pera, A.; Liguori, A.; Napoli, A; Siciliano, C.; Spectrosc. 2002, 33, 524.

Sindona, G.J. Chromatogr., B 2004, 801, 355. (41) Bantle, J. P.; Thomas, W. J. Lab. Clin. Med. 1997, 130, 436.
(21) Cameron, B. D.; Gorde, H. W.; Satheesan, B.; Cote, G. L. Diabetes Technol. (42) Chang, R. K.; Furtak, T. E. Surface Enhanced Raman Scattering; Plenum

Ther. 1999, 1,125. Press: New York, 1982.
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that the observed enhancements drop -1 order of riFRd fi• RasurIn~tGkuisetbnqblLattec tffi l(•iheMý IN NIR
nm distance between the molecule and the metal surface. 50  lasers will present several advantages in subsequent device
Selective substrates can be fabricated that effectively concentrate development. NIR diode lasers are relatively compact, inexpensive,
the target analyte at the SERS active surface, often rendering and power efficient. Furthermore, switching to NIR wavelengths
signal subtraction, particularly of water, unnecessary.5s-tm will reduce not only the interference from biological autofluores-

We have previously demonstrated that SERS can be used to cence in future in vivo applications but also the potential for tissue
directly detect glucose on silver surfaces functionalized with damage due to the low water and tissue absorption of NIR light.61,62

alkanethiol monolayers.36.35 A SAM of n-decane-w-thiol or (1-
mercaptoundeca-11-yl)tri(ethylene glycol) partitioned glucose from EXPERIMENTAL SECTION
aqueous buffer into the zone of electromagnetic field enhancement Materials. All the chemicals were of reagent grade or better
extending from a silver film over nanosphere (AgFON) surface. and were used as purchased. Ag and Au wire (99.99%) were
Due to the low affinity of glucose toward noble metal surfaces, purchased for thermal deposition (D. F. Goldsmith, Evanston, IL).
no SERS spectra of glucose could be obtained in the absence of Oxygen-free high-conductivity copper (McMaster-Carr, Chicago,
a partitioning layer. Using appropriate multivariate calibration IL) was cut into 18-mam-diameter disks for supporting substrates.
techniques, we could detect glucose over a very wide range of NH 4OH, H20 2, and CH3CH2OH (Fisher Scientific, Fairlawn, VA)
concentrations, both large (0-4500 mg/dL, 0-250 mM) and were used to clean the substrates and as solvents for the SAM.
clinically relevant (0-450 mg/dL, 0-25 mM).38 The second- Surfactant-free white carboxyl-substituted latex polystyrene nano-
generation sensor was robust enough to survive 3 days in solution sphere suspensions (390 ± 19.5 nm diameter, 4% solid) were
and could operate effectively in the presence of serum albumin obtained from a commercial vendor (Duke Scientific Corp., Palo
as a blood serum mimic. 36 Alto, CA). Tungsten vapor deposition boats (R. D. Mathis, Long

The present work demonstrates significant improvements in Beach, CA) were used to evaporate the metal. For substrate and
all aspects of the SERS glucose sensor. Most importantly, this solution preparations, ultrapure water (18.2 MQ cm-') from
sensor shows higher predictive accuracy than the second- Millipore academic system (Millipore, Marlborough, MA) and
generation sensor and greater stability of the crucial partitioning phosphate-buffered saline (pH -7.4) (Sigma, St. Louis, MO) were
SAM. We have striven to increase the glucose SERS signal by used. 1-Mercaptoocta-8-yltri(ethylene glycol), EG3, was custom
concentrating the glucose in proximity to the metal by using a synthesized (SensoPath Technologies, Bozeman, MT). Ruthenium
glycosylated thiol with a shorter alkane spacer. Spectroscopic and hexamine was purchased from Strem (Strem Chemicals, New-
electrochemical measurements indicate that the novel SAM is buryport, MA).
stable on gold films over nanospheres (AuFONs) for at least 11 Substrate Fabrication and Incubation Procedure. The
days. We attribute the greater temporal stability of the SAM to design and fabrication of the SAM-functionalized SERS sensors
the switch from silver to gold FON surfaces. The improved surface are shown in Figure 1. Ag- and AuFONs were fabricated on copper
chemistry is due to the greater strength of the S-Au bond (-420 substrates, which provide better mechanical stability of the FON
kJ/mol) relative to the S-Ag bond (217 kJ/mol). 5-' We hypothesize than on glass. The copper substrates were cleaned by sonicating
that the greater ordering in the SAMs on gold versus silver in 10:1:1 H20/30% H2O2/NHIOH. To form a nanosphere deposi-
surfaces is also partially responsible for the observed improvement tion mask, -12 uL of nanosphere solution was drop-coated onto
in glucose measurement. Furthermore, the localized surface a clean copper substrate and allowed to dry at room temperature.
plasmon for AuFONs occurs at longer wavelengths than similar Then, 200-nm-thick Ag or Au films were deposited onto and
AgFONs. AuFONs work well with red and NIR lasers because through the nanosphere mask using a modified vapor deposition
the optimal SERS enhancements occur when the excitation system (Consolidated Vacuum Corp., Rochester, NY) with a base

pressure 10-7 Torr. The mass thickness and deposition rate (-I
(44) John T. M19ug, I., Geoffrey D. Wang, Steven R. Emory, and Shurning Nie. I nm/s) of the metal were measured by an Inficon XTM/2 quartz

Am. Chem. Soc. 1999, 121, 9208.
(45) Nie, S.; Emory, S. R. Science 1997, 275, 1102. crystal microbalance (Leybold, East Syracuse, NY). The FON
(46) Kneipp, K.; Wang, Y.; Kneipp, H.; Perelman, L. T.; Itzkan. I.; Dasari, R. R.; substrates were first incubated in 1 mM solutions of the EG3 in

Feld, M. S. Phys. Rev. Lett. 1997, 78, 1667. ethanol for at least 12 Ii. Then, the SAM-modified substrates were
(47) Otto, A.; Mrozek, I.; Grabhorn, H.; Akemann, W. J. Phys. Condens. Matter

1992, 4, 1143. mounted into a small-volume flow cell. Finally, the substrates were
(48) Schatz, G. C.; Van Duyne, R. P. Electromagnetic Mechanism of Surface- exposed to glucose solutions for at least 5 min, and spectra data

Enhanced Spectroscopy. In Handbook of Vibrational Spectroscopy; Chalmers, were acquired.
J. M., Griffiths, P. R., Eds.; Wiley: New York, 2002; Vol. 1; pp 759

(49) Haynes, C. L.; Van Duyne, R. P.J. Phys. Chem. B 2003, 107, 7426. UV-Visible Diffuse Reflectance Spectroscopy. Measure-
(50) Kennedy, B. J.; Spaeth, S.; Dickey, M.; Carron, K.T.j. Phys. Chem. B 1999, ments were carried out in a home-built flow cell using an SD2000

103, 3640. spectrometer (Ocean Optics, Dunedin, FL) coupled to a reflec-
(51) Deschaines, T. 0.; Carron, K. T. Appl. Spectrosc. 1997, 51, 1355.
(52) Carron, K.; Peitersen, L.; Lewis, M. Environ. Sci. Technol. 1992, 26, 1950. tance probe and a model F-O-Lite H halogen lamp (World
(53) Sulk, R.; Chan, C.; Guicheleau, J.; Gomez, C.; Heyns, J. B. B.; Corcoran, R.; Precision Instruments, Sarasota, FL). The reflectance probe

Carron, K I. Raman Spectrosc. 1999, 30, 853. consists of a tight bundle of 12 read fibers (200 tim) around 1
(54) Sulk, R. A; Corcoran, R. C.; Carron, K. T. AppL. Spectrosc. 1999, 53, 954.
(55) Wachter, E. A; Storey, J. M. E.; Sharp, S. L.; Carron, K T.; Jiang, Y. AppL illumination fiber (400 urm), optimized for the UV-NIR (250-

Spectrosc. 1995, 49, 193.
(56) Mosier-Boss, P. A.; Boss, R1 D.; Lieberman, S. H. Langmuir 2000, 16,5441. (60) McFarland, A. D., Ph.D. Northwestern University, Evanston, IL, 2004.
(57) Mosier-Boss, P. A.; Lieberman, S. H. Appl. Spectrosc. 2003, 57, 1129. (61) Anderson, R. R.; Parrish, J. A. Optical Properties of Human Skin. In The
(58) Carron, K T.; Corcoran, R. Abstr. Pap. Am. Chem. Soc. 1997, 214, 18. Science ofPhotomedicine; Regan. J. D., Parrish, J. A., Eds.; Plenum Press:
(59) CRC Handbook of Chemistry and Physics, 81 ed.; Lide, D. R., Ed.; CRC Press: New York, 1982; p 147.

Boca Raton, FL, 2000; p 2556. (62) Weissleder, R. Nat. Biotechnol. 2001, 19, 316.
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,; method with a second-order polynomial and window size of 9.

Cosmic rays were removed from the spectra using a derivative
filter. The slowly varying background, commonly seen in SERS
experiments, was removed mathematically by subtracting a fourth-
order polynomial. This method minimally affected the SERS peaks

Auor while greatly reducing the background level. T'he SERS spectral

S/AY c "- SAM intensities were normalized using the 700 ± 10 cm-' peak from
the EG3 partition layer spectrum. The 700-cm- 1 band arises from
the S-C bond strech and serves as a convenient reference for

O= - SERS of thiol SAMs on metal surfaces. 63 From each spectrum,
the absolute peak intensity of the 700-cm- 1 peak was obtained

0 and the entire spectrum was divided by that value, such that the
e 'e . intensity of the 700-cm-n peak is unity. Then, data analysis was

performed using the partial least-squares (PIS) analysis and leave-

o, Partition one-out cross-validation algorithm.

f f "f fIx Departition ; C RESULTS AND DISCUSSION
777777 "The results presented below detail the achievement of a

Metal Film MetalFilmsubstantial advance toward the development of a practical,Metal Film Metal Film
I portable, SERS-based glucose measuring device. Our previous

Figure 1. Schematic of sensing surface. Polymer nanospheres are work demonstrated the feasibility of using SERS to detect and
self-assembled onto a supporting substrate, and allowed to form a quantify glucose. Subsequent work addressed the performance
hexagonal close-packed 2D crystal. Metal (Au or Ag) is then deposited
via vacuum thermal deposition over the nanosphere lattice. A SEM of the SERS sensor in tenns of short-term stability, reversibility,
micrograph is shown. The Au or Ag FON is then incubated in a and selectivity in the presence of interferences. Herein, we report
solution of EG3, forming a SAM of the EG3. Glucose is able to on the development of a substrate that is optimized for SERS using
partition and departition into the monolayer. NIR laser excitation with not only enhanced spectral and physical

stability but also the capability of superior quantitative measure-
ments.

2100 nm) in a stainless steel ferrule. All reflectance spectra were Optical Properties of Au- and AgFONs. In normal Raman
collected using a mirrorlike Ag film over copper substrate as a scattering, the signal intensity scales with the inverse fourth power
reference. of the excitation wavelength. Thus, the ratio of normal Raman

Electrochemistry. The home-built smooth Ag working elec- scattering intensities for 750- versus 632.8-nm excitation is 0.51.
trode was embedded into a glass body using Torr Seal (Varian In contrast, the SERS signal intensity is actually larger when using
Vacuum Products, Lexington, MA). Prior to use, surfaces were far-red excitation due the smaller imaginary portion of the complex

polished with 0.3- and 0.05Prm alumina, successively (Buehler Ltd., dielectric constants of Ag and Au. The optical properties of
Lake Bluff, IL), and sonicated in MQ water. The Au working nanoscale noble metal materials, including FONs, are dominated
electrode, Pt auxiliary electrode, Ag/AgC1 reference electrode, by the surface plasmon.64 The position and intensity of the surface
and BAS 100B/W electrochemical workstation were acquired plasmon is sensitive to the morphology (size and shape) and
commercially (Bioanalytical Systems Inc., West Lafayette, IN). The composition of the material.65'66 In FONs, the position of the

potential of the Ag/AgCI reference electrodes is -35 mV relative plasmon can be tuned by controlling the size of the spheres used
to the saturated calomel electrode. in the underlying nanosphere mask. The surface plasmon is

Surface-Enhanced Raman Scattering Spectroscopy. A responsible for the intense local electromagnetic fields that give
Spectra-Physics model Millennia Vs laser was used to excite a rise to SERS. The maximum SERS enhancements occur when
Spectra-Physics model 3900 Ti-sapphire laser to produce the 750- the excitation laser is of slightly shorter wavelength than the
nm excitation wavelength (Q•); the laser spot size on the sample surface plasmon, enabling electromagnetic enhancements of both
was less than 0.5 mm in diameter. The SERS measurement system the incoming photons and the scattered, Raman-shifted photons. 49
includes an interference filter (Edmund Scientific, Barrington, NJ), Therefore, by tuning the physical properties of the FON surface,
a holographic notch filter (Kaiser Optical Systems, Ann Arbor, we are able to tune the surface plasmon to maximize the SERS
MI), a model VM-505 single-grating monochromator with the enhancements. As illustrated in Figure 2, using an AuFON rather
entrance slit set at 100 ym (Acton Research Corp., Acton, MA), than an AgFON enables us to position the plasmon peak nearer
and a LN2-cooled CCD detector (Roper Scientific, Trenton, NJ). the excitation wavelength (Al) with greater facility. Although the
A collection lens with magnification 5 was used to collect the maximum SERS enhancements on silver surfaces are greater than
scattered light. The small-volume flow cell was used to control
the external environment of the metal FON surfaces throughout (63) Bryant, M. A.; Pemberton, J. E. I. Am. Chem. Soc. 1991, 113, 8284.

the SERS experiments. (64) Kreibig, U.; Volhner, M. Optical Properties of Metal Clusters; Springer: New

Quantitative Multivariate Analysis. All data processing was York, 1995.
(65) Haynes, C. L; Van Duyne, R. P. Abstr. Pap. Am. Chem. Soc. 2001, 222,performed using MATLAB (MathWorks, Inc., Natick, MA) and U89.

PLS_Toolbox (Eigenvector Research, Inc., Manson, WA). Prior (66) Haynes, C. L; Van Duyne, R. P.J. Phys. Chem. B 2001, 105, 5599.
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ruthenium(lII/II) hexamine on EG3-modified Ag and An elec-

0ID ... trodes. The complexes were selected because both Ru(NHi)ra+
and Ru(NH3)62, are substitutionally inert in aqueous media and

0.6 , undergo rapid heterogeneous electron-transfer reactions in a
convenient range of potentials.

p0.4 ., The initial voltammograms for the Ru(NH 3)6
3 '-! couple at the

AgFON , -778 EG3-covered surfaces are shown as the day 1 samples. After
0 AuFON / electrochemical examination in 5 mM Ru(NH 3) 6 Cl 3 PBS solution,
Z 0.2 -,/ the EG3-modified electrodes were removed from the cell, thor-738

0 oughly rinsed with PBS solution, and then reimnersed into the

400 600 800 1000 PBS solution before measuring the next cyclic voltainmogram.

Wavelength oinm) CV of the Ru (NH3)6
3 /2 + couple on clean, unmodified surfaces is

Figure 2. Reflectance spectra from EG3-functionalized Au and also shown in gray lines in Figure 3 for purposes of comparison.

AgFONs. The position of the LSPR A'min for the AgFON (738 nm) * At bare Ag and Au electrodes, the shapes of the current-potential

occurs at shorter wavelengths than that of the AuFON (778 nm). The curves and -60-mV separation between the cathodic and anodic
AuFON is therefore better tuned to the wavelength of the excitation peak currents indicate a diffusion-limited or electrochemically
laser used in these experiments (750 nm). The 700-cm- 1 band of reversible one-electron redox process. The voltammograins for
the EG3 SAM occurs at 791.6 nm under 750-nm exitation. the EG3-modified electrodes are remarkably different: the current

is much lower, and most of the current. comes from the double

the maximurm enhancements on gold surfaces, the efficiency of layer capacitance. For EG3-modified Ag electrodes, the reduction

SERS on silver is highest in the visible region. Thus, gold surfaces current increases with the immersion time in PBS, owing to an

become as effective SERS substrates as silver surfaces when A.x increase in monolayer defects. However, even after 11-day im-

occurs at longer wavelengths. Experimentally, the magnitude of mersion into the PBS solution, the EG3-coated Au electrode shows

the observed SERS is slightly higher on the gold surfaces than much lower reduction current in comparison to the EG3-coated

silver, as described below. Ag electrode.

SAM Stability. To continuously monitor glucose levels in vivo, The percentages of current maximum obtained in voltammetry

a SERS-based sensor must have an implantable substrate that can from PBS-immersed samples vary with time, as shown in Figure

be optically addressed either directly through the skin or via an 3C. The percentage represents the average of the absolute value

optical fiber. Such an implantable glucose sensor must be stable of cathodic and anodic peak current divided by the same value

for at least a three-day period. Three days has been chosen as a calculated from a clean, unmodified surface.70 As Figure 3C shows,
target milestone because more frequent changing of the implant the percentages of the current maximum increase to 20.0% after

would be burdensome on the subject, and the implantable insulin 10 days for SAM functionalized silver electrodes, while only 2.4%

pump has a three-day lifetime. Previous work has demonstrated after 11 days for those made with gold. These results agree with

that bare AgFON surfaces display extremely stable SERS activity the literature6a and indicate that SAMs are more stable and better

when challenged with high potentials, 67 and high temperatures ordered on gold than silver surfaces.

in ultrahigh vacuumy 8 and when studied over a three-day period . SERS Stability. While the electrochemical measurements

in the presence of saline and interfering analytes such as blood confirmed that the SAM was adequately blocking the electroactive

protein mimics. 36 Toward developing a more stable glucose sensor, surface, they did not directly indicate that the FON retained its

we have performed an extensive surface study comparing AgFON SERS properties over that time. Therefore, the stability of the EG3-

versus AuFON using cyclic voltammetry (CV) and SERS. modified metal FON SERS substrates was studied over a period

Electrochemical Analysis. It is essential to have a stable, well- of 10 days in pH 7.4 PBS buffer at room temperature. SERS spectra

packed SAM on the sensor surface since the SAM is essential to were captured every 24 h from the same sample (,• = 750 nm,

partition glucose for SERS detection. Electrochemical measure- t = 60 s) on an AgFON and an AuFON. Figure 4A and B

ments of heterogeneous electron transfer were exploited in order represents the initial EG3 spectra on AgFON and AuFON,
to probe the average behavior of the EG3 assemblies on Ag and respectively. Figure 4C is the peak intensity at 699 cm-1 for EG3

Au surfaces and the extent of structural defects over the course on the AgFON, and Figure 4D is the peak intensity at 698 cm-1

of 11 days. Ideally, electron transfer through a well-packed for EG3 on the AuFON. The EG3 spectral band positions and

monolayer of alkyl chains occurs via a highly nonadiabatic pathway relative intensities did not vary significantly over the course of 10

in which the kinetics exhibit an exponential dependence on the days. Although the peak intensities of EG3 on AgFONs and

separation distance between the electron donor and the electron AuFONs were comparable on the first day, peak intensities

acceptor.6" As the extent of structural defects of the monolayer decreased as time progresses for the AgFON sample. By the fifth

increases, e.g., due to appearance of pinholes and trapped solvent, day, the peak intensities of the EG3 on the AgFON diminished

the current of heterogeneous electron transfer will be strongly to the point where no data could be acquired. The peak intensities
of the EG3 on the AuFON, however, remained constant over the

(67) Zhang, X.; Yonzon, C. R.; Van Duyne, R P. Proc. SPIE-Int. Soc. Opt. Eng. period of 10 days. These spectral data not only indicate that the
2003, 5221, 82.

(68) Litorja, M.; Haynes, C. L.; Haes, A. J.; Jensen, T. R.; Van Duyne, R. P. 1.
Phys. Chem. B 2001, 105, 6907. (70) Flynn, N. T.; Tran, T. N. T.; Cirna, M. J.; Langer, R. Langinuir 2003, 19,

(69) Li, T. T. T.; Liu, H. Y.; Weaver, M. J. J Ain. Chem. Soc. 1984, 106, 1233. 10909.
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Figure 3. Electrochemical determination of monolayer stability. Both Ag (A) and Au (B) electrodes were functionalized with a SAM and immersed
in a solution of 1 mM Ru(NH 3)6 C13 in PBS buffer. Cyclic voltammograms were taken of the electrodes daily for 10 days, with a scan rate of 200
mV/s. Shown are representative voltammograms for days 1 (black), 5 (red), and 10 (blue) on the silver electrode, and days 1 (black), 6 (red),
and 11 (blue) on the gold electrode, as well as a reference voltammogram (gray) from a bare (control) electrode (both Au and Ag electrodes).
Desorption of the protective monolayer permits direct access to the electrode surface by the electroactive species and was observed as an
increase in the total current over time. (C) shows the percentages of current maximum vary with time.

A LB The number of latent variables can be interpreted as the

699 68 inherent dimensionality of the system, in other words, the number
•, [lo.* of variables present including the concentration of the analyte of

"interest. These variables can include, and are not limited to, the

e temperature and humidity conditions in the laboratory on the day

.E of the experiment, the focusing of the optical elements, the
""VVIJ enhancement of the sensing surface at different locations, and

I 'the laser power and mode fluctuations, as well as noise in the
1800 1400 1000 600 1400 1000 600 data. Although using too many latent variables can cause over-

Wavenumber Shift (cm") modeling of the data, including all of the above-mentioned
Ic 0O variation in the experimental design is necessary to build a robust

*E," 4000 calibration model.7" For example, the training set needs to be able

, 3000- to accurately predict glucose concentrations at more than one

S2000 temperature to account for thermal fluctuations in vivo and to still
function if subject movement alters the position of the optical

-•focus.

I i iThe use of nine latent variables resulted in a model with a
y 2 3 4 2 4 6 8 10 root-mean-square error of calibration (RMSEC) of 49.5 mg/dL (2.7Day Day m ) h M E eci e h cuayo h o e tef

Figure 4. Comparative SERS spectra of EG3 on (A) AgFON and mM). The RMSEC describes the accuracy of the model itself.
(B) AuFON surfaces. FONs were prepared by coating 390-nm Our previous work modeled the response for a single sensor
nanospheres with 200 nm of metal. (C) and (D) show the time course surface optically addressed at a single spot. This approach lead
of the intensity to the -699-cm- 1 peak. Signal intensities from the to a lower RMSEC, i.e., a precise model, but predictions based
AuFON remained stable for a period of 10 days. The AgFONs rapidly on models generated in this manner performed poorly when
lost signal, and no spectra were observed by day 4. For all cases, applied to data collected from either a different focal point or
A), = 750 nm, 7-8 mW power, and 60-s acquisition. another substrate. Because real-world applications of the sensor

AuFON surface remains SERS active but also confirm that the will include a number of independent and uncontrolled variables,
SAM is intact and well ordered. a versatile mathematical model is needed, and it is reasonable

Quantitative Detection. A PLS calibration model was built that the dimensionality of the system can be as high as 9.
using 160 independent spectral measurements on sensors exposed Including a large number of samples in the calibration set helps
to known concentrations of glucose. Data were collected by generate a robust mathematical model by including data that may
immersing prepared substrates in glucose solutions and acquiring be affected by the uncontrolled variables. The 160 data points were
SERS spectra (,Qx = 750 nm, 10-s integration x 12 averages), collected on several unique substrates, and measurements were
Spectra from two locations on the substrate were acquired for made on at least two spots on each surface to account for possible

each concentration. Several different substrates were used to build differences in the SERS signals arising from variation in the
the training set, and each of those substrates was exposed to AuFON/SAM microenvironment. Furthermore, the data for the
glucose concentrations spanning the experimental concentration calibration were collected at different times of the day, over a
range. Based on the calibration, 95% of the data is represented (71) Beebe, K R; Pell, R. J.; Seasholtz, M. B. Chemometrics: A Practical Guide;

by nine latent variables. Wiley-Interscience: New York, 1998.
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Figure 5. Calibration and prediction/validation plots using multiple substrates. PLS calibration plots were constructed using 160 data points
taken over a range of concentrations (10-800 mg/dL) on a number of separately prepared AgFON substrates (5). Each substrate was interrogated
at three different locations. Nine latent variables were used to generate the mathematical model, which had an RMSEC of 49.5 mg/dL. The
central line represents the ideal prediction axis, not a best-fit curve. An independent validation set was used to test the predictive capability of
the mathematical model. Predictions fall primarily within the extended A or B range of the Clarke error grid, with an RMSEP of 69.9 mg/dL.

period of several days. This helps account for random fluctuations 91% of the values falling within an extended A-B range on an
in the data and minimizes the residuals and errors in the data expanded Clarke error grid. These analytical figures of merit
analysis. By increasing the number of data samples, we can compare favorably with existing detection methods, which have
decrease the RIISEC as well as improve the quantitative predic- instrument-dependent coefficients of variation of 0.96-26.9%
tion of glucose concentration. (0.096-2.69 mM, 1.75-49 mg/dL at 10 mM). 737 4 The partition

A low RMSEC is necessary for, but does not in itself ensure, layer was improved by using 1-mercaptoocta-8-yltri(ethylene
accurate prediction of concentrations based on measurements glycol), which has a shorter alkyl chain than the SAMs used
from samples outside the training set. Therefore, a separate set previously. This shorter spacer is sufficiently alkane in nature to
of spectra consisting of 80 independent data points was used to form ordered SAMs on the surface but is shorter thereby
validate the model. Validation tests the ability of the model to increasing the electromagnetic enhancement of the partitioned
predict the concentration of samples not used in the calibration, glucose. Additionally, the underlying SERS substrate transitioned
and more precisely reflects the accuracy of the sensor. The from an AgFON to an AuFON. We have experimentally deter-
RMSEP was calculated to be 69.87 mg/dL (3.88 mM). mined that the SAM is more stable on the gold surface by both

In Figure 5, the calibration and prediction data points are cyclic voltammetry and SERS spectroscopy. We have also dem-
plotted against the Clarke error grid, a standard metric for the onstrated that there are spectroscopic advantages to using
performance of glucose sensors, to evaluate the predictive capacity AuFONs. The optimal laser wavelengths for SERS can be
of the model.72 The calibration and prediction shown in Figure 5 extended into the red and NIR because the fundamental plasmon
are constructed for a range higher than the clinically relevant wavelength for gold occurs at longer wavelength than silver. Red
range (0-450 mg/dL, 0-25 mM) of the Clarke error grid because and NIR wavelengths will reduce background from biological
patients can have elevated blood glucose levels as high as 650- autofluorescence and help prevent signal loss due to tissue and
800 mg/dL during initial diagnosis of diabetes. Extending the A water absorption. Further experiments will test the capability of
lines of the Clarke error grid over the entire range, 94% of the the sensor for interfacing with compact instrumentation, including
data points in the calibration plot and 91% of data points in the fiber delivery and collection optics. In the near term, we will apply
prediction plot fall within the acceptable region. These results this sensor to the measurement of glucose levels in interstitial
indicate that the AuFON sensor is capable of making acceptably fluid in rodents.
accurate concentration measurements even when challenged with
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Abstract: A rapid detection protocol suitable for use by first-responders to detect anthrax spores using a
low-cost, battery-powered, portable Raman spectrometer has been developed. Bacillus subtilis spores,
harmless simulants for Bacillus anthracis, were studied using surface-enhanced Raman spectroscopy
(SERS) on silver film over nanosphere (AgFON) substrates. Calcium dipicolinate (CaDPA), a biomarker
for bacillus spores, was efficiently extracted by sonication in nitric acid and rapidly detected by SERS.
AgFON surfaces optimized for 750 nm laser excitation have been fabricated and characterized by UV-vis
diffuse reflectance spectroscopy and SERS. The SERS signal from extracted CaDPA was measured over
the spore concentration range of 10-14-10'12 M to determine the saturation binding capacity of the AgFON
surface and to calculate the adsorption constant (Kspnre = 1.7 x 1013 M-1). At present, an 11 min procedure
is capable of achieving a limit of detection (LOD) of -2.6 x 103 spores, below the anthrax infectious dose
of 104 spores. The data presented herein also demonstrate that the shelf life of prefabricated AgFON
substrates can be as long as 40 days prior to use. Finally, these sensing capabilities have been successfully
transitioned from a laboratory spectrometer to a field-portable instrument. Using this technology, 104 bacillus
spores were detected with a 5 s data acquisition period on a 1 month old AgFON substrate. The speed
and sensitivity of this SERS sensor indicate that this technology can be used as a viable option for the field
analysis of potentially harmful environmental samples.

Introduction 104 B. anthracis spores. 3 However, the diagnosis of anthrax is
not immediate because it takes 1-60 days for anthrax symptoms

The rapid and accurate identification of bioagents is a vital to appear in humans.4 Therefore, the rapid detection of B.
task for first-responders in order to facilitate timely and anthracis spores in the environment prior to infection is an
appropriate actions in the event of a biological attack. Bacillus extremely important goal for human safety.
anthracis, a spore-forming bacterium and a dangerous pathogen In the last two decades, various biological and chemical
for the disease anthrax, is an important example. B. anthracis techniques have been developed to detect bacillus spores. Two
bacteria exist in two different forms: rod-shaped organisms and important biological methods are the polymerase chain reaction
spores. Rod-shaped organisms grow and divide in a nutrient- (PCR)5- 7 and immunoassays.8, 9 PCR, a primer-mediated enzy-
rich environment. When the food supply is depleted, the matic DNA amplification method, requires expensive reagents,
organisms turn into spores that can survive for decades, molecular fluorophores, and considerable sample processing
Structurally, a spore consists of a central core cell surTounded prior to analysis. The limit of detection (LOD) based on PCR
by various protective layers. Calcium dipicolinate (CaDPA) detection of bacterial pagA gene is -103 spores in 3 h.7
exists in these protective layers and accounts for -10% of the Immunoassays, which rely on the interaction between antibodies
spore's dry weight;' therefore, it is a useful biomnarker for and B. anthracis cell surface antigens, can detect 105 spores in
bacillus spores.2  15 mmin. 9 However, in immunoassays, it is necessary to employ

Among the potential biological warfare agent candidates, B. specific antibodies for the desired agents and to individually

anthracis spores are of particular concern. First, they are highly
resistant to environmental stress and are relatively easily (3) Walt, D. R.; Franz, D. R. Anal. Chem. 2000, 72, 738A-746A.

into weapon-grade material outside the laboratory. (4) Chin. I. E. Control of Communicable Diseases Manual; American Public
produced i wHealth Association: Washington, D.C.. 2000; pp 20-25.
Second, anthrax is an infectious disease, requiring medical (5) De Wit, M. Y.; Faber, W. R.; Krieg, S. R.; Douglas, J. T.; Lucas, S. B.;

Montrcewasuwat, N.: Pattyn, S. R.; Hussain, R.; Ponnighaus, J. M.;
attention within 24-48 h of initial inhalation of more than Hartskecrl, R. A. J. Clin. MicrobioL. 1991, 29, 906-910.

(6) Hurtle, W.; Bode, E.; Kulesh, D. A.; Kaplan, R. S.; Garrison, J.; Bridge,
D.; House, M.; Frye, M. S.; Loveless, B.; Norwood, D. J. Clin. Microbiol.

t Department of Chemistry. 2004, 42, 179-185.
§ Department of Biomedical Engineering. (7) Fasanella, A.; Losito, S.; Adone, R.; Ciuchini, F.; Trotta, T.; Altamura, S.

(1) Bailey, G. F.; Karp, S.; Sacks, L. E. J. Bacteriol. 1965. 89, 984-987. A.; Chiocco, D.; Ippolito, G. J Clin. Microbiol. 2003, 41, 896-899.
(2) Goodacre, R.; Shann, B.; Gilbert, R. J.: Timmins, E. M.; McGovern, A. (8) Yolken, R, H.; Wee, S. B. J. Clin. Microbiol. 1984, 19, 356-360.

C.; Alsberg, B. K.; Kell, D. B.; Logan, N. A. Anal. Chem. 2000, 72, 119- (9) King, D.; Luna, V.; Cannons, A.; Cattani, J.; Amuso, P. J. C/in. MicrobioL
127. 2003. 41, 3454-3455.

4484 n J. AM. CHEM. SOC. 2005, 127, 4484-4489 10.1021/Ja043623b CCC: $30.25 © 2005 American Chemical Society
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adjust the mobile-phase conditions for their capture, elution, extraction of CaDPA friom B. subtilis spores, simulants for B.

and separation. anthracis spores, followed by SERS detection on reproducible,19

Recently, relatively rapid chemical methods for the detection stable 20 ,21 silver film over nanosphere (AgFON) substrates. Our

of bacillus spores have been developed. For instance, photo- previous studies have shown that when the localized surface

luminescence detection based on the formation of terbium plasmon resonance (LSPR) maximum of a AgFON substrate

(Tb(Ill)) dipicolinate was found to have a LOD of 103 B. subtilis closely matches the laser excitation wavelength, the maximum

colony-forming-units'mL-1 in 5-7 min.10 This method com- SERS signal intensity results.'8 ,22 In this study, AgFON surfaces

pares the enhanced luminescence of the terbium dipicolinate were fabricated using 600 nm spheres in order to optimize SERS

complex to Tb(lll) alone. However, an increase in the lumi- intensity for 750 nm laser excitation. We demonstrate a LOD

nescence intensity can also occur by the complexation of of -2.6 x 103 spores with a data acquisition period of mrin

Tb(lll) with aromatic compounds other than dipicolinic acid.II and a laser power of 50 mW. To place these results in context,
Due to the frequency of false positives and its limited ability it should be noted that previous published SERS studies of

for target analyte identification, alternative approaches with anthrax detection via the CaDPA biomnarker were 200 times

improved selectivity would be a welcome addition to the arsenal less sensitive and required 3 times more laser power.23 Similarly,
of anthrax detection methods, previous published NRS studies were 200 000 times less

Compared to photoluminescence, vibrational spectroscopy sensitive and required 8 times more laser power.' 6 The data

possesses highly specific chemical information content and, presented herein also demonstrate that AgFON substrates

therefore, is capable of uniquely identifying target analytes. Both provide stable SERS spectra for at least 40 days. Finally, a

Fourier transform infrared (FT-IR)' 2 and Raman' 3"14 spectro- portable SERS device successfully produces a SERS spectrum

scopies have demonstrated the ability to discriminate among from 104 spores in 5 s using a I month old prefabricated

different bacterial spores. However, the implementation of near- AgFON. This is, to our knowledge, the first reported result that

infrared (NIR) and mid-infrared spectroscopies has fundamental utilizes a compact vibrational spectrometer for the detection of

limitations due to the competitive absorption of water and bacillus spores.

inherent spectral congestion. In contrast, Raman spectroscopy Experimental Section
is well-suited to applications in aqueous environments because
of the small Raman scattering cross section of water.15 Recently, Materials. All of the chemicals used were of reagent grade or better.

for example, single bacterial spores have been detected using Ag (99.99%) was purchased from D. F. Goldsmith (Evanston, IL). Glass

micro-Raman spectroscopy.14 As a consequence of different substrates were 18 mm diameter, No. 2 cover slips from Fisher

individual sporulations, however, the micro-Raman spectra vary Scientific (Pittsburgh, PA). Pretreatment of substrates required H2SO 4,

significantly from one spore to another. Additionally, the It-,O,, and NH4O-t, all of which were purchased from Fisher Scientific

applications that require complex instrumentation used in this (Fairlawn, NJ). Surfactant-free white carboxyl-functionalized polysty-
rene latex nanospheres with diameters of 390. 510, 600, and 720 nm

approach restrict its applicability in field-portable measurements. were obtained from Duke Scientific Corporation (Palo Alto, CA) and
The detection of bacillus spores by normal Raman spectroscopy Interfacial Dynamics Corporation (Portland, OR). Tungsten vapor
(NRS) has also been demonstrated;' 6 however, NRS suffers from deposition boats were purchased from R. D. Mathis (Long Beach, CA).

low sensitivity, so that long data acquisition times (5-13 min) Nitric acid 70% (Fisher Scientific), dipicolinic acid (2,6-pyridinedi-
and high laser powers (400 mW) are required. In comparison, carboxylic acid. DPA), calcium hydroxide, and benzenethiol (Aldrich
surface-enhanced Raman spectroscopy (SERS) yields more Chemical Co., Milwaukee, WI) were used as purchased. Water
intense Raman signals at much lower laser excitation power. (18.2 MQ/cm) was obtained from an ultrafilter system (Milli-Q,

SERS produces very large enhancements in the effective Raman Millipore, Marlborough, MA). Calcium dipicolinate (CaDPA) was

cross section of species spatially confined within the electro- prepared from DPA and calcium hydroxide according to the method

magnetic fields generated by excitation of the localized surface of Beiley and co-workers.'

plasmon resonance (LSPR) of nanostructured noble metal Spore Samnples. B. subtilis was purchased from the American Type

surfaces.'17 The SERS signals of ensemble-averaged molecules Culture Collection (Manassas, VA). Spore ctltures were cultivated by
spreading the vegetative cells on sterile nutrient agar plates (Fisher

show enhancements up to 8 orders of magnitude over NR Scientific), followed by incubating at 30 'C for 6 days. The cultures
signals.' 8 Furthermore, the low power required by SERS allows were washed from the plates using sterile water and centrifuged at
the development of a compact, field-portable detection system. 12 OOOg for 10 min. The centrifuiging procedure was repeated five times.

In the present paper, we describe a procedure for the rapid The lyophilized spores were kept at 2-4 'C prior to use. Approximately
1 g of sample was determined to contain 5.6 x 1010 spores by optical

(10) Pellegrino, P. M.; Fell, N. F.; Gillespie, J. B. Anal. Chim. Acta 2002, 455, microscopic measurements (data not shown). The spore suspension was
167. made by dissolving spores in 0.02 M HN03 Solution and by sonicating

(11) Beltyukova, S. V.; Polucktov, N. S.; Tochidlovskaya, T. L.; Kucher, A. A.
Dokl. Akad Nauk. 1986, 291, 1392-1395. for 10 min.

(12) Thompson, S. E.; Forster, N. S.; Johnson, T. J.; Valentine, N. B.; Amonette, AgFON Substrate Fabrication. Glass substrates were pretreated
J. E. Appl Spectrose. 2003, 57, 893-899.

(13) Jarvis, M. R.; Goodacre, R. Anal Chem. 2004, 76, 40-47. in two steps. (1) Piranha etch (CAUTION.' piranha solution should be
(14) Chan, J. W.; Esposito, A. P.; Talley, C. E.; Hollars, C. W.; Lane. S. M.; handled with great care), 3:1 H 2S0 4/30% 1-H202 at 80 'C for I h, was

Huser, T. Anal. Chem. 2004, 76, 599-603.
(15) McCreery, R. L. Raman Spectroscopy for Chemical Analysis: John Wiley

& Sons: New York, 2000; Vol. 157, p 420. (19) Dick. L. A.; McFarland, A. D.; Haynes, C. L.; Van Duyne, R. P.J. Phys.
(16) Farquharson, S.; Grigely, L.; Khitrov, V.; Smith, W.; Sperry. J. F.; Fenerty. Chem. B 2002, 106, 853-860.

G. J. Raman Spectrose. 2004, 35. 82-86. (20) Zhang, X.; Yonzon, C. R.; Van Duyne, R. P. Proc. SPIE-Int. Soc. Opt.
(17) Schatz, G. C.; Van Duyne, R. P. Electromagnetic Mechanism of Surface- Eng. 2003, 5221, 82-91.

Enhanced Spectroscopy. In Handbook of Vibrational Spectroscopy; Chal- (21) Yonzon, C. R.; Haynes, C. L.: Zhang, X.; Walsh, J. T. J.; Van Duyne, R.
mers, J. M., Griffiths, P. R., Eds.; Wiley: New York, 2002; Vol. 1, pp P. Anal. Chem. 2004, 76, 78-85.
759-774. (22) McFarland, A. D. Ph.D. Thesis, Northwestern Universtiy, 2004.

(18) Haynes, C. L.; Van Duyne, R. P. J. Phyis. Chem. B 2003, 107, 7426- (23) Farquharson, S.; Gifl, A. D.; Maksymiuk, P.; Inscore, F. E. Appl. Spectrose.
7433. 2004, 58, 351-354.
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used to clean the substrate. and (2) base treatment, 5:1:1 H20/A
NH140H/30% 11,02 with sonication for I h was used to render the ,•,

surface hydrophilic. Approximately 2 pL of the nanosphere suspension
(4% solids) was drop coated onto each substrate and allowed to dry in
ambient conditions. The metal films were deposited in a modified
Consolidated Vacuum Corporation vapor deposition system with a base
pressure of 10'6 Torr. 24 The deposition rates for each film (10 A/s) I

were measured using a Leybold Inficon XTM/2 quartz crystal micro- 400 600 800 400 600 800 600 750 900

balance (QCM) (East Syracuse, NY). AgFON substrates were stored Wavelength (nim)

in the dark at room temperature prior to use. Figure 1. UV-vis diffuse reflectance spectra of different AgFON substrates

UV-Vis Diffuse Reflectance Spectroscopy. Measurements were in air. (A) D = 390 nm, d. = 200 nm; (B) D = 510 nm, d,, = 200 nm;

carried out using an Ocean Optics (Dunedin, FL) SD2000 spectrometer and (C) D = 600 nm, d,,= 200 am.

coupled to a reflection probe (Ocean Optics) and a halogen lamp (Model
F-O-Lite H, World Precisiont Instruments, Sarasota, FL). The reflection I0O
probe consists of a tight bundle of 13 optical fibers (12 illumination 50%-
fibers around a collection fiber) with a usable wavelength range of
400-900 nm. All reflectance spectra were collected against a mirrorlike 0 400 600 804
Ag film over glass substrate as a reference. :A] sphere diameter (nm)

SERS Apparatus. A battery-powered Raman spectrometer (model "
Inspector Raman, diode laser excitation wavelength A., = 785 nim) was 1003
purchased from DeltaNu (Laramie, WY), 25 which was used to 1074 1026
demonstrate the feasibility of a field-portable device for spore detection. B
The remainingi data were acquired using a macro-Raman system. This
system consists of an interference filter (Coherent, Santa Clara, CA), 7

a I in. holographic edge filter (Physical Optics Corporation, Torrance,
CA), a single-grating monochromator with the entrance slit set at -

100 um (model VM-505, Acton Research Corporation, Acton, MA). a
liquid-N2-cooled CCD detector (Model Spec- 10:400B, Roper Scientific,

Trenton, NJ), and a data acquisition system (Photometrics, Tucson, AZ).
A titaniumn-sapphire laser (CW Ti:Sa, Model 3900, Spectra Physics,
Mountain View, CA) pumped by a solid-state diode laser (Model
Millenia Vs, Spectra Physics) was used to generate A,, of 750 nm. All 1200 1100 1000 900

of the measurements were performed in ambient conditions. Waavenumber (cmi)

Results and Discussion Figure 2. SERS spectra of 20 ,iL, 1 mM benzenethiol in ethanol on
different AgFON substrates. (A) D = 390 am, d,,= 200 nm: (B) D =

Optimization of SERS Substrates for Near-Infrared (NIR) 510 nm, d1,, 200 nm: (C) D = 600 nm, /,m,= 200 nm; and (D) D =
Laser Excitation. One goal of this work is to demonstrate the 720 nm ,,, = 200 nm. The inset shows the variation of the benzenethiol

feasibility of using SERS for rapid detection of the anthrax SERS intensity ratio (I1oo3/I1oo3, ma) with sphere sizes. 110-3 is taken floin

biomarker, CaDPA, using a low-cost, battery-powered, and spectrum 2C. For all spectra, A,, = 750 nm, P,, = 3 mW, acquisition
time = I rain.

portable Raman spectrometer. Typically, such spectrometers use
an NIR diode laser as the excitation source. One popular diode
laser excitation wavelength is 785 nm. To mimic a 785 nm diode 720 n diameter spheres; however, the spectrum is not shown
laser, we have used a CW Ti:Sa laser tuned to 750 nm as the because the reflectance minimum is shifted beyond the red limit

laser excitation source. It should also be noted that NIR (-900 tum) of the CCD detector. In Figure 1, the reflectance

excitation reduces the native fluorescence background from spectrum of AgFON substrate C (nanosphere diameter,

microorganisms. D = 600 nm, and mass thickness of Ag film, di, = 200 nm)

Previously, an important correlation between nanoparticle shows a reflectivity minimum near 753 nm, attributable to the

structure, as reported by the spectral position of the LSPR excitation of the LSPR of the silver film. This substrate is

relative to the laser excitation wavelength, and the SERS expected to show the largest intensity for 750 nm laser

intensity was demonstrated.8.22 The maximum SERS intensity excitation. To further confirm this expectation, SERS spectra

is obtained from a AgFON surface when the laser excitation of 1 mM benzenethiol in 20 /iL of ethanol on the AgFON

wavelength coincides with the LSPR maximum. Since AgFONs substrates with D = 390, 510, 600, and 720 nm (Figure 2) were

are not optically transparent, the reflectivity minimum was used measured. The largest SERS enhancement of benzenethiol was,

to locate the LSPR maximum. in fact, observed from the AgFON with D = 600 nm and

AgFON substrates for SERS measurements using 750 nm dm = 200 nm (Figure 2C). Therefore, this AgFON substrate

laser excitation were optimized by first measuring the depen- was chosen as optimal for the bacillus spore detection experi-

dence of the LSPR spectral position on nanosphere diameter. ments which follow.

Figure 1 shows the UV-vis diffuse reflectance spectra of Extraction of CaDPA from Spores. CaDPA was extracted

AgFON substrates with nanospheres having diameters of 390, from spores by sonicating in 0.02 M HNO 3 solution for 10 min.
5 10, and 600 nm. A AgFON sample was also fabricated using This concentration of the HNO3 solution was selected because

of its capability of extraction and its benign effect on the AgFON

(24) Hultcen, J. C.; Van Duyne, R. P. J. Vac. Sci. Technol. A 1995, 13, 1553- SERS activity. The sonication procedure was performed because
1558. no SERS signal of CaDPA was observed fr'om the spore solution

(25) Deltanu Company Home Page; http:!/www.dcltanu.com (accessed July,
2004). prior to sonication (data not shown). To test the efficiency of
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Figure 3. (A) SERS spectrum of 3.1 x 10-13 M spore suspension I I 1

(3.7 x 104 spores in 0.2 4E, 0.02 M HNO 3) on a AgFON substrate. 1150 1100 1050 1000 950
(B) SERS spectrum of 5.0 x 10-4 M CaDPA. (C) SERS spectrum of
0.2 ,L of 0.02 M HNO 3; A,, = 750 nm, P,, = 50 mW, acquisition Wavenumber (em")
time = I rain, D = 600 nm, d,, = 200 nm. Figure 4. SERS spectra demonstrate the long-term stability of AgFON

substrates, monitored for 1-40 days. SERS spectra of 4.7 x 10-14 M spore
suspension (5.6 x 103 spores in 0.2 ,. 0.02 M HNO 3) on AgFON

this extraction method, a 3.1 x 10-13 M spore suspension substrates. (A) A I day old AgFON, (B) a 15 day old AgFON, and (C) a

(3.7 x 104 spores in 0.2 uL, 0.02 M HNO 3) was deposited onto 40 day old AgFON. The inset shows the intensity ratio (lsoJlsos) variation

a AgFON substrate (D = 600 nm, (in, = 200 rn). 1he sample with time: ), = 750 mun, P_. = 50 mW, acquisition time = ruin,AgFO sustrte D = (10rim dm 200nm) Th saple D =510 nm, and d,, =200 nm.

was allowed to evaporate for less than 1 min. A high signal-

to-noise ratio (S/N) SERS spectrum was obtained in I min indicating the long-term stability of the AgFON as SERS
(Figure 3A). For comparison, a parallel SERS experiment was substrates for potential field-sensing applications.
conducted using 5.0 x 10-4 M CaDPA (Figure 3B). The SERS Adsorption Isotherm and LOD for Bacillus Spores on
spectrum of B. subtilis spores is dominated by bands associated AgFON Substrates. The quantitative relationship between
with CaDPA, in agreement with the previous Raman studies SERS signal intensity and spore concentration is demonstrated
on bacillus spores.16,23 The SERS spectra in Figure 3, however, in Figu ac data porepresent ra ge i ntensty
display noticeable differences at 1595 cm- 1, which are from in Figure 5A. Each data point represents the average intensity

the acid form of dipicolinate. 26 The peak at 1050 cm-' in Figure at 1020 cm-1 from three samples, with the standard deviation

3A is from the symmetrical stretching vibration of NO3-. 27  shown by the error bars. At low spore concentrations, the peak
Because of its prominence, this peak is used as an internal intensity increases linearly with concentration (Figure 5A inset).
Becndaus tof ieducets e prominenthispeak dis asnio n t l At higher spore concentrations, the response saturates as the

sTand oard Stabilito reduce te s o sa atis, An ideal dete adsorption sites on the AgFON substrate become fully occupied.

Temporal Stability of AgFON Substrates. An ideal detec- Saturation occurs when the spore concentrations exceed
tion system should run unattended for long periods of time, -2.0 x 10-13 M (2.4 x 104 spores in 0.2 uL, 0.02 M HNO3).
require infrequent maintenance, and operate at low cost. To be practical for long-term health and safety monitoring,
Previous work has demonstrated that bare AgFON surfaces
Previosplay extrkmely demonst rate d SE acvty bae n sfale es b a SERS-based detection system has to be capable of detecting
display extremely stable SERS activity when challenged by less than the life-threatening dose of a pathogen in real or near-

negative potentials in electrochemical experiments 20 and high real time. In this study, the LOD is defined as the concentration
temperatures in ultrahigh vacuum experiments.28 In this work, of spores for which the strongest SERS signal of CaDPA at

the temporal stability of AgFON substrates was studied over a 1020 cm- is equal to 3 times the background SERS signal

period of 40 days. SERS spectra of 4.7 x 10-14 M spores 1020 a 1 is equalito pes the background signal

(5.6 x 103 spores in 0.2 1 L, 0.02 M HNO3), well below the within a I mi acquisition period. The background signal refers

anthrax infectious dose of 104 spores, were captured on AgFON to the SERS intensity from a sample with a spore concentration

substrates of different ages (Figtire 4). The intensity ratios equal to 0, which is calculated to be the intercept of the low

sbetweeatestrof fntgest (Figurpeak a ). 1020 cm-teand rtis- concentration end of the spore adsorption isotherm (Figure 5A).
peate at 1050 cm-s (Iron2e/s 5o)were measured to quantitatively Although lower detection limits can be achieved using longer
compare the AgFON substrates of different ages (shown in acquisition times, these parameters are reasonable for high

Figure 4 inset). Both the CaDPA spectral band positions and throughput, real-time, and on-site analysis of potentially harmful
Figurensity 4attnse) Bothrhemai A sctralt bd pcoursiions 4dan, species. The LOD for B. subtilis spores, evaluated by extrapola-
intensity patterns remained constant over the course of 40 days, tion of the linear concentration range of the adsorption isotherms

(26) Carmona, P. Spectrochim. Acta, Part A 1980, 36A. 705-712. (Figure 5A inset), is found to be 2.1 x 10-14 M (2.6 x 103

(27) Mosier-Boss, P. A.; Licbcrmnan, S. H. Appl. Spectrosc. 2000, 54, 1126- spores in 0.2/uL, 0.02 M HNO 3). Furthermore, when a similar
1135. spore concentration (2.1 X 10-14 M, 2.6 x 103 spores in

(28) Litorja, M.; Haynes, C. L.; Haes, A. J.; Jcnsen, T. R.; Van Duyne, R. P. J.
Phys. Chem. B 2001, 105, 6907-6915. 0.2 pL, 0.02 M HNO3 ) is deposited onto a AgFON surface, a
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Figure 5. (A) Adsorption isotherm for B. subtilis spore suspension onto a AgFON substrate. 11o20 was taken from SERS spectra that correspond to varying
spore concentrations in 0.2 AtL of 0.02 NI1 HNO3 on AgFON substrates: ),1 = 750 run, P- 50 moW, acquisition time =-I min, D = 600 non, and
d,= 200 nin. A Langmnuir curve was generated using eq 1 with Kspr, = 1.3 x 1013 M-1. The inset shows the linear range that is used to determine the LOD.
Each data point represents the average value from three SERS spectra. Error bars show the standard deviations. (B) Adsorption data fit with the linear form
of the Langgnuir model (eq 2). The slope and intercept values are used to calculate the adsorption constant.

fit (Figure 513) lead to the value of the adsorption constant, Kspore

= 1.7 x 1013 M-.

Adsorption Isotherm and Extraction Efficiency of CaDPA.
Parallel studies of SERS intensities versus CaDPA concentra-
"tions indicate that the LOD is 3.1 x 10-1 M in 0.2 jL, 0.02 M
HNO 3 (Figure 7A inset), and the adsorption constant for CaDPA,
KCaDPA, is 9.0 X 103 M- 1. Under the assumption that there is
no influence from the other constituents of spores on the
adsorption of CaDPA firom spore suspensions, the ratio between

1600 1200 800 Kspore and KCaDPA represents the extracted amount of CaDPA.

Wavenumber (cm') Accordingly, it can be estimated that approximately 1.9 x
Figure 6. SERS spectrum of 2.1 x 10-14 M spore suspension (2.6 x 101 109 mot DPA is extracted from 1 mot spores, which corresponds
spores in 0.2 ,L, 0.02 M HNO3) on AgFON; ,ý = 750 nm, P,, = 50 mW, to 3.0% of spore weight. Previous research found that B. subtilis
acquisition time = I min, D = 600 om, and c= 200 ni. spores contain approximately 8.9% DPA by weight.' Therefore,

I min acquisition yields a SERS spectrum that clearly displays the DPA extraction efficiency of 10 m4 sonication in 0.02 M

the spore Raman features at 1595, 1393, 1020, and 824 cm-t HN 3 is -34%.

(Figure 6). These data clearly demonstrate that the SERS LOD Use of Field-Portable Raman Spectrometer for Anthrax

is below the anthrax infectious dose of 104 spores. Detection. The final goal of this project was to demonstrate

To determine the adsorption capacity of extracted CaDPA the use of SERS as a field-portable screening tool by using a

on a AgFON, the Langmuir adsorption isotherm was used to compact Raman spectrometer. Many field-sensing applications

fit the data: 29,3 0 require the portability and flexibility not available from
conventional laboratory scale spectroscopic equipment. As a first

0 = 1020 Kspore x [spore] step in this direction, the Raman spectrum from 104 B. subtilis
-- K r [(1) spores dosed onto a 1 month old AgFON substrate was readily

,I020,max I + Kspore x [spore] acquired using a commercially available portable Raman

I I 1 +(2 instrument. A high S/N spectrum was achieved within 5 s
X(2) (Figure 8A). The SERS peak positions and intensity pattern for

I1020 Kspore X I1020,inax [spore] I1020,max the spore sample were similar to those of CaDPA recorded

utilizing the same device (Figure 8B). This is the first example
where 0 is the coverage of CaDPA on the AgFON; 110120,,,, i of using a compact, portable Raman spectrometer for the
the maximtum SERS signal intensity at 1020 crn- 1 when all the detection of bacillus spores. Coupling the portability and ease
SERS active sites on AgFON are occupied by CaDPA; [spore] of use of this type of device with the molecular specificity and
is the concentration of spores (M), and Kspor is the adsorption spectral sensitivity inherent to SERS, a range of possibilities
constant of CaDPA extracted from spores on AgFON (M-'). are now open in the area of detecting bioagents and other
From eq 2, Kspor is calculated fi'om the ratio between the chemical threats. In practical field applications of the detection
intercept and the slope. Slope and intercept analyses of the linear method described, there might be difficulties in collecting B.

(29) Jung, L. S.; Campbell, C. T. J. Phys. Chem. B 2000, 104, 11168-11178. anthracis spores out of the air and dissolving them into a small

(30) Jung, L. S.; Campbell, C. T. Phys. Reo. Left. 2000, 84, 5164-5167. liquid volume. Most sensor modalities must face this problem.
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Figure 7. (A) Adsorption isotherm for CaI)PA suspension onto a AgFON substrate./'o1,0 was taken fiom SERS spectra that correspond to varying CaDPA
concentrations in 0.2 pL of 0.02 M HNO3 on AgFON substrates: A,, = 750 ran, PI,= 50 nmW. acquisition time = I min, m ) = 600 rim, and d,, 200 nm.
A Langmuir curve was generated using eq I with KCo,DsA = 9.5 x 101 M-1. The inset shows the linear range that is used to determine the LOD. Each data
point represents the average value from three SERS spectra. En'or bars show the standard deviations. (B) Adsorption data of CaDPA fit with the linear form
of the Langmuir model (eq 2). The slope and intercept values are used to calculate the adsorption constant.

A ~response curve, the LOD of B. subtilis spores was estimated to
be 2.1 x 10-14 M (2.6 X10 3 spores in 0.2 ,L, 0.02 M -NO3)
for a I min data acquisition period. Furthermore, the SERS

spectrum of 2.1 x 10-14 M spore suspension (2.6 x 103 spores
in 0.2 AuL, 0.02 M HNO 3), well below the anthrax infectious
dose of 104 spores, was easily measured within this acquisition
time. These studies showed a lower LOD of spores and a lower
incident laser power (50 mW) than any of the previously

"V -reported studies on the detection of bacillus spores based on
B SERS or NRS. In related experiments,2° we demonstrated that

the affinity between silver surfaces and dipicolinate is the key

factor to lowering the LOD. Increasing the affinity binding
constant by developing an appropriate capture layer on AgFON
to preconcentrate CaDPA is an important future goal. The shelf

Si i life of AgFON substrates in air at room temperature is shown
1000 800 600 to exceed 40 days. Finally, preliminary integration of this novel

Wavenumber (cm"') SERS sensor with a field-portable spectrometer shows that it is

Figure 8. SERS spectra obtained by the portable Raman spectrometer. possible to detect bacillus spores at the desired limit of detection
(A) SERS spectrum of 8.3 x 10'14 M spore suspension (1.0 x 104 spores (_104 spores) within 5 s on a 30 day old AgFON substrate.
in 0.2 ,uL, 0.02 M HN0 3) on 30 day old AgFON. (B) SERS spectrum of This experiment demonstrates a necessary but not sufficient
10-4 M CaDPA in 0.2 jiL of 0.02 M HNO3 on 30 day old AgFON substrate;

A,, = 785 nmi, P,, = 35 mW, acquisition time = 5 s, resolution = result to show the specificity of the B. anthracis detection based
15 cm-, D = 600 nm, and d,, = 200 nrm. on SERS. Further confirmation awaits the SERS measurements

in the presence of potential interferences.
Conclusions
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A detailed wavelength-scanned surface-enhanced Raman excitation spectroscopy (WS SERES) study of
benzenethiol adsorbed on Ag nanoparticle arrays, fabricated by nanosphere lithography (NSL), is presented.
These NSL-derived Ag nanoparticle array surfaces are both structurally well-characterized and extremely
uniform in size. The WS SERES spectra are correlated, both spatially and spectrally, with the corresponding
localized surface plasmon resonance (LSPR) spectra of the nanoparticle arrays. The surface-enhanced Raman
scattering (SERS) spectra were measured in two excitation wavelength ranges: (1) 425-505 rnm, and (2)
610-800 nm, as well as with the 532-nm line from a solid-state diode-pumped laser. The WS SERES spectra
have line shapes similar to those of the LSPR spectra. The maximum SERS enhancement factor is shown to
occur for excitation wavelengths that are blue-shifted with respect to the LSPR )La of adsorbate-covered
nanoparticle arrays. Three vibrational modes of benzenethiol (1575, 1081, and 1009 cm-1) are studied
simultaneously on one substrate, and it is demonstrated that the smaller Raman shifted peak shows a maximum
enhancement closer to the LSPR )m,• than that of a larger Raman shifted peak. This is in agreement with the
predictions of the electromagnetic (EM) enhancement mechanism of SERS. Enhancement factors of up to

o108 are achieved, which is also in good agreement with our previous SERES studies.

Introduction substantiate the validity of the EM mechanism and possibly
uncover the optical properties of electromagnetic hot spots in

Noble metal nanoparticles have gained widespread interest nanoparticle aggregates that are hypothesized to be responsible
because of their application to chemical and biological sensing,1-5 for SMSERS. 7"18 Even though SERES has the potential to
optical device fabrication, 6-8 and surface-enhanced spectro- improve the understanding of SERS, less than one percent of
scopies. 9-13 The signature optical property of these nanoparticles SERS literature has focused on this topic, The lack of SERES
is the localized surface plasmon resonance (LSPR). The LSPR literature is primarily due to the difficulty of performing a
occurs under conditions where the frequency of photons incident SERBS experiment, which generally requires a broadly tunable
on the nanoparticle is resonant with the collective excitation of laser source for excitation and a three-stage spectrometer for
its conduction electrons. Excitation of the LSPR is characterized efficient rejection of Rayleigh scattered light.
by strong, wavelength-selective extinction14 and enhanced
electromagnetic fields at the nanoparticle surface.' 2 It is this Wavelength-scanned SERES (WS SERES) involves the
field enhancement that is responsible for the observation of all measurement of SERS enhancement for several laser excitation
surface-enhanced spectroscopies, and it is the basis for the wavelengths, 2 . This technique was recognized as a useful
electromagnetic (EM) enhancement mechanism, which is used tool for probing the EM mechanism immediately following the
to account for the large enhancement in scattering intensity discovery of SERS. An obvious limitation of this technique is

relative to what it would be in the absence of a surface. Surface- that the number of data points is determined by the tunability

enhanced Raman scattering (SERS) is characterized by typical of the excitation laser and detection system. These substantial

enhancements of 106 in the Raman cross section of analytes instrumental requirements have led to the majority of SERES

bound to nanoscale noble metal features, and reports in 1997 publications suffering from low data point density and/or limited

of single-molecule detection using SERS have rejuvenated spectral coverage.19- 23 These limitations prevent the establish-

interest in this analytical technique. 5',16 It is generally accepted ment of conclusive generalizations from SERES data. Addition-

that the electromagnetic mechanism of SERS accounts for the ally, most SERES experiments have been performed using

majority of the enhancement factors (EF) typically observed; surface-enhancing substrates with an unknown or poorly

however, a clear understanding of the mechanism responsible characterized distribution of roughness features. In the few cases

for the 1014-10'5 enhancement required for the detection of where the surfaces are carefully characterized, it is shown that

single molecules remains elusive, there is a wide distribution of roughness feature sizes.23 ,24 Other

Surface-enhanced Raman excitation spectroscopy (SERBS) studies do not include characterization of the LSPR of the

can provide key insights into the mechanism of SERS and could substrate,19 ,20 which prevents any direct comparison of the

facilitate the understanding of the single-molecule SERS (SM- excitation profiles to the spectral location of the LSPR AH,1.

SERS) phenomenon. Detailed comparison of SERES profiles The most common substrates historically employed in SERES

with the LSPR spectra of SERS substrates could further experiments are Ag island films and Ag colloidal solutions. In
these cases, the majority of the SERS excitation profiles peak

To wmcorresp e s d be addressed. E : a at excitation wavelengths (Acx,max) near 500-600 nm.24 -28 The
chem.northwestern.edo .o peaks of the excitation profiles have been shown to shift to the

t These authors contributed equally to this work. red with increased aggregation, 22,24,26,27 which is a qualitative

10.1021/jpO505O8u CCC: $30.25 © 2005 American Chemical Society
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result predicted by the EM mechanism. With these substrates sable tool for probing the fundamental characteristics of SERS.
it is difficult to make a direct comparison between the LSPR Tunability of the LSPR 21n,. of these nanoparticles throughout
of the substrate and the SERS excitation profile because the the visible and NIR wavelengths can be achieved by systemati-
LSPR of the substrate is a superposition of a wide variety of cally varying the dimension of the nanoparticles.14 Even though

LSPR wavelengths corresponding to the different roughness the surface coverage of these nanoparticles is '-,7%, strong SERS
features. intensities are observed from analytes adsorbed to these

Two exceptions to the above statements regarding roughness substrates due to the strong enhancement (EF - 108, vide infra)

features are the well-known experiments by Liao and co-workers NSL-fabricated arrays exhibit. 30

on microlithographically prepared Ag posts29 and recent work The present work demonstrates the most detailed set of WS

by Felidj and co-workers on e-beam lithographically produced SERES experiments ever performed on optically and topo-

arrays of gold elongated nanoparticles.21 The former ground- graphically characterized SERS substrates. The relative SERS

breaking work demonstrated excitation profiles where Ac.mx enhancement of these substrates has been shown to vary by 3

shifts to the red with increased particle aspect ratio and with orders of magnitude over the spectral range investigated. It is

increased dielectric constant of the medium surrounding the worth noting that this is not a study on the practical application

particles. These results qualitatively agree with the EM mech- of SERS for chemical analysis. Factors such as spectrograph

anism, but the LSPR of these substrates was not measured for throughput, detector efficiency, and the v4 scattering dependence

a direct comparison. In the latter work, the SERS enhancement of Raman photons play an important role in the practice of

was shown to peak at halfway between the excitation wavelength Raman spectroscopy. Instead, this study seeks to contribute

and the wavelength of the Raman scattered photon. This fundamental insights into the origins of the SERS effect and to

important experiment was the first observation of precisely what test various aspects of the EM mechanism not previously

is predicted by the EM mechanism. Unfortunately, this result studied. This work demonstrates that for substrates with LSPR

was only obtained on one sample with a profile consisting of A.j values throughout the visible spectrum, the maximum SERS

only three data points, enhancement consistently occurs at excitation wavelengths

The limitation of laser and detection tunability has been slightly shorter than the LSPR 2 max, such that both the incident

circumvented by several researchers using a unique approach photon and the Raman scattered photon are strongly enhanced.

that involves investigating substrates with variations in the The largest EF measured was -108 for NSL-fabricated nano-

spectral location of the LSPR ,•a.30-32 These variations allow particles, which is consistent with values previously reported

investigation of the relationship between the LSPR and SERS using these substrates.

enhancement using a single excitation wavelength. Our previous Experimental Methods
work using plasmon-sampled SERES (PS SERES) on well- Materials. Glass substrates (18-mm diameter, No. 1 cover-
defined arrays of nanoparticles was the first systematic study slips) and cyclohexane were purchased from Fisher Scientific
using this technique. The conclusion of that study was that the (Hampton, NH). Silicon(l 11) was purchased from Silicon Quest
condition for maximum enhancement occurred when the peak International (Santa Clara, CA) and cut into -1.5 x 1.5-cm
extinction wavelength of the LSPR, Am, is located between pieces. Pretreatment of substrates utilized H 2SO 4 , H 20 2, and
A,, and the wavelength that is Raman-scattered by the analyte NH 4OH, which were purchased from Fisher Scientific (Pitts-
molecules, ),ib. This conclusion supports the EM mechanism, burgh, PA). Benzenethiol was purchased from Aldrich (Mil-
which predicts that maximum SERS intensity is achieved when waukee, WI) and used as received. Surfactant-free white
the LSPR strongly enhances both the incident and scattered carboxyl-substituted polystyrene latex nanospheres were ob-
photon intensities. However, because of inefficient detection tained from Interfacial Dynamics (Portland, OR). Ag (99.99%,
of the Raman scattering, EFs could only be measured down to 0.04-in. diameter) was purchased from D. F. Goldsmith (Evan-
I order of magnitude lower than the peak enhancement. In ston, IL), and tungsten vapor deposition boats were purchased
addition, while this work represented a significant step forward from R. D. Mathis (Long Beach, CA). For all steps of substrate
in SERES, the noise levels prevented drawing detailed conclu- preparation, ultrapure water (18.2 Mg2 cm- 1) from a Millipore
sions from the data. academic system (Marlborough, MA) was used.

The work presented herein utilizes a broadly tunable Raman Preparation of Nanoparticle Samples. The glass coverslips
system to measure excitation profiles with the greatest number (for triangular nanoparticle fabrication) used as substrates were
of data points ever achieved in a WS SERES experiment. A pretreated in two steps: (1) piranha etch, 3:1 H2SO 4/30% H 2 0 2

broadly tunable laser system, a versatile detection system, and at 80 'C for I h, to clean the substrate, and (2) base treatment,
a well-characterized surface-enhancing substrate are all em- 5:1:1 H20/NH4OH/30% H20 2 with sonication for 1 h, to render
ployed in order to overcome the traditional shortcomings of WS the surface hydrophilic. After pretreatment of the substrates,
SERES experiments. The use of a CW-modelocked Ti:Sapphire 2-3/L of undiluted nanosphere solution was drop-coated onto
and its harmonics allow for continuous tunability over the the substrates. The substrates were then allowed to dry under
spectral ranges 350-500 and 700-1000 nm. The visible region ambient conditions, resulting in large areas of close-packed
not covered by the Ti:Sapphire system was augmented with the monolayers of nanospheres. Metal films were deposited onto
use of a solid-state laser and a tunable dye laser. A triple the substrates in a modified Consolidated Vacuum Corporation
spectrograph equipped with a CCD camera allows for rapid, vapor deposition system with a base pressure of 10-7 Torr.
multichannel spectral acquisition with efficient rejection of Deposition rate and mass thickness were measured using a
Rayleigh-scattered photons. The SERS substrates used in this Leybold Inficon XTM/2 quartz crystal microbalance. The
work are triangular nanoparticle arrays fabricated by nanosphere nanospheres were removed from the substrate after the metal
lithography (NSL). These substrates have been well character- deposition by sonicating the samples in ethanol for 5 min. Before
ized by previous work. 14,33,34 They present a significant advan- the SERS experiments, the samples were incubated in 1 mM
tage over many of the traditional SERS substrates for SERES benzenthiol in methanol for >3 h and then rinsed with methanol.
studies because NSL-fabricated triangular nanoparticles exhibit SERES Instrumentation. Figure 1 shows a schematic of the
extremely narrow size distributions, making them an indispen- instrumentation used for the SERES experiments. All optical
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Nanoposltioning cyclohexane
Stage flow cell

' o-so .... • ~nanoparticle array

UCCO Nikon TU3 microscope objective
NA =0.5

Figure 1. Schematic diagram of the WS SERES apparatus.

measurements were performed using a Nikon Eclipse TE300 Figure 2. Schematic diagram of flow cell containing cyclohexane for

inverted microscope (Fryer Co., Huntley, IL) equipped with a intensity standard measurements.

20x objective (NA = 0.5). Substrates were mounted on a
piezoelectric stage (model P-517.3CD, Polytech PI, Auburn,

MA) to allow for sample positioning and raster-scanning during
spectral acquisition. The light scattered by the samples was 0)
analyzed with a TriplePro three-stage spectrograph equipped
with a liquid nitrogen-cooled, deep-depletion Spec-10:400BR
CCD detector (Roper Scientific, Trenton, NJ). A color video *n

camera was also attached to the front port of the microscope to

facilitate laser alignment and positioning of the samples. Laser 5 n
excitation was provided by the following systems: (1) a Spectra- U -
Physics (Mountain View, CA) Milennia Xs (2,, = 532 nm), w

(2) a Spectra-Physics Tsunami with GWU harmonic generator U) 22 counts s" mWr

(A,,, = 350-500, 700-1000 nm), and (3) a Coherent (Santa
Clara, CA) model 590 dye laser (A, = 610-700 nm). The laser
light from the tunable laser systems was filtered using Pellin-
Broca prisms or a diffraction grating to ensure monochromatic
illumination of the sample. For the NSL-fabricated triangular

nanoparticles, in-situ measurement of the LSPR spectrum was 1600 1400 1200 1000
achieved by illuminating the sample with the microscope lamp Raman Shift (cm-1)
and analyzing the transmitted light with a fiber-optically coupled Figure 3. Representative SERS spectrum ofbenzenethiol-dosed NSL
miniature spectrometer (model SD2000. Ocean Optics, Dunedin, substrate. L., = 620 nm, P = 3.0 mW, acquisition time = 150 s. An
FL). Atomic force micrographs of the SERS substrates were atomic force micrograph of the sample is shown in the inset.
collected in noncontact mode using a Molecular Imaging depositing 55 nm of Ag through a mask formed with 450 nm
(Tempe, AZ) PicoPlus microscope. diameter nanospheres. Figure 4 shows four excitation profiles

SERES Methods. During spectral acquisition, the substrates for the 1575 cm-t peak of benzenethiol, each with an LSPR
were linearly scanned over a range of 100 pm at a rate of 2 Hz mAn at a distinctly different location. The SERES profile in
to prevent sample degradation. It is worthwhile to note that all Figure 4A consists of 13 data points measured over the spectral
illumination powers reported in this work were the laser powers range 420-500 nm. Because the formation of a monolayer of
incident on the microscope beam splitter, not the power incident benzenethiol on these nanoparticle arrays results in a significant
on the sample. On the basis of experimental measurements, red shift in the position of the LSPR mn,, it was necessary to
approximately 5-10% of the reported power is incident on the anneal this sample under vacuum at 300 'C for 1 h prior to
sample; however, because of the intensity standard the absolute benzenethiol addition in order to achieve a final LSPR Annx at
power at the sample is not a critical measurement. a wavelength shorter than 500 am. It has been previously shown

To correct for any variation of the SERS intensity not due to that annealing NSL-derived samples results in a large blue shift
the enhancement by the substrate, the 1444 cm-i normal Raman of the LSPR due to changing the shape of the nanoparticles.t 4

scattering band of neat cyclohexane was used as an intensity The LSPR Am,, of this substrate was measured to be 489 nm
standard. This standard was used to correct for the inherent v4  (20450 cm-t). The largest SERS enhancement occurs at A., =
behavior of Raman scattering, spectral dependence of the 485 nm. Fitting a Gaussian line shape to the data reveals that
detection system, and differences in the illumination power. This the peak of the excitation profile, 2e.,mx, is 480 nm (20833
was accomplished by mounting each sample face down as the cm-l). The peak enhancement factor (EF) value for this sample
bottom window of a transparent flow cell. When the flow cell was calculated to be 5.5 x 105. This value is low in comparison
was filled with cyclohexane, the nanoparticle array with an to the values determined for the other samples because the shape
adsorbed benzenethiol monolayer was not in contact with the of the nanoparticles is made more ellipsoidal by annealing. In
cyclohexane liquid. In this way, following each SERS acquisi- addition to shifting the LSPR ,max to shorter wavelengths, this
tion, an intensity standard spectrum of cyclohexane could be change decreases the intensity of the electromagnetic fields at
taken by translating the inverted microscope objective -400 the nanoparticle surfaces.
pm vertically. A schematic depiction of this setup is shown in The SERES profile in Figure 4B consists of 14 data points
Figure 2. measured over the spectral range 532-690 nm. The LSPR 2Anm

Results and Discussion of this substrate was measured to be 663 nm (15083 cm-i).
The largest SERS enhancement occurs for A,,, = 625 nm. The

WS SERES Results. A representative SERS spectrum of maximum of a Gaussian line shape fit to the data is 625 nm
benzenethiol on a Ag nanoparticle array is shown in Figure 3. (16000 cm-i). The peak EF value for this sample is 1.2 x l07.

An AFM image of the sample from which this spectrum was The SERES profile in Figure 4C consists of 15 data points
taken is shown in the inset. This array was fabricated by measured over the spectral range 532-740 nm. The LSPR Ama
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Figure 4. Surface-enhanced Raman excitation spectra of the 1575 cm` peak of benzenethiol with cyclohexane as intensity standard. (A) Substrate
annealed at 300 'C for I h. LSPR A.., = 489 nm, profile fit maximum at 2 = 480 nm. (B) LSPR A_, = 663 ran, profile fit maximum at ,
= 625 nm. (C) LSPR A_, = 699 rnm, profile fit maximum at . = 671 nm. (D) LSPR A,_ = 810 nm, profile fit maximum at ;, 765
nim.

of this substrate was measured to be 699 nm (14306 cm-r). for variation in the Rarnan scattering cross section of silicon
The largest SERS enhancement occurs for ),, = 670 nm. The because over the range of excitation wavelengths utilized in
maximum of a Gaussian line shape fit to the data is 671 nm this work, the differences in the experimentally determined
(14903 cm-1). The peak EF value for this sample is 1.4 x 107. values of the polarizability of silicon are negligible.3 6 The
The SERES profile in Figure 4D consists of 15 data points excitation spectra are shown in Figure 5. The SERES profile in
measured over the spectral range 630-800 rnm. The LSPR 2

rna Figure 5A consists of 13 data points measured over the spectral
of this substrate was measured to be 810 nm (12346 cm-1). range 475-700 nm. The LSPR Anm of this substrate was
The largest SERS enhancement occurs for A., = 770 nm. The measured to be 690 nm (14493 cm-1). The largest SERS
maximum of a Gaussian line shape fit to the data is 765 nm enhancement occurs for A,, = 660 rnm. The maximum of a
(13072 cm-t ). The peak EF value for this sample is 9.3 x 107. Gaussian line shape fit to the data is 662 nm (15106 cm-').

To verify that this behavior can be generalized, two SERES The peak EF value for this sample is 1.9 x 107. The SERES
experiments were undertaken in which a different benzenethiol profile in Figure 5B consists of 17 data points measured over
band (1081 cm-1) and intensity standard were monitored. In the spectral range 630-790 nm. The LSPR Am× of this substrate
this case, the intensity standard was the 520 cm-1 phonon mode was measured to be 744 nm (13441 cm-1). The largest relative
of silicon. The wavelength-dependent absorptivity of silicon s mea s to be 7 700 cm. The largest rela
requires that the measured Raman intensities must be corrected ss ine occur fo 7he maximum of a
for differences in laser penetration depth. The penetration depth Gaussian line shape fit to the data is 715 un (13986 cmt7).
was calculated at all of the excitation wavelengths using the p
silicon absorptivities measured by Aspnes and Studna.35 The Each substrate exhibits a SERES profile that has a similar

silicon spectra were then normalized so that the intensities were line shape to the extinction spectrum of the substrate. Also, the

representative of equivalent probe volumes. In addition, a x for the NSL-fabricated substrates is consistently shorter
correction was performed to account for the fact that the 520 than the LSPR , In all cases, the maximum SERS enhance-

cm- I band of Si scatters at a significantly different wavelength ment occurs when the substrate LSPR ALj,, is located between
than the 1081 cm-I band of benzenethiol, particularly at redder A,,, and Avib. Under these conditions, both the incident and
excitation wavelengths. No correction was performed to account scattered photons experience enhancement by the LSPR. These
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Figure 5. Surface-enhanced Raman excitation spectra of the 1081 cm-1 Figure 6. Effect of Stokes Raman shift. (A) Profile of the 1575 cm-'
peak of benzenethiol with Si as intensity standard. (A) LSPR 4-,,, = vibrational mode of benzenethiol. Distance between LSPR ,ma, and
690 nm, profile fit maximum at A ., = 662 nm. (B) LSPR A,,,, = excitation profile fit line )te........= 734 cm'. EF = 1.8 x 107. (B)
744 nm, profile fit maximum at , = 715 nim. 1081 cm- 1 vibrational mode, shift = 569 cm', EF = 2.8 x 107. (C)

1009 cm-' vibrational mode, shift = 488 cm-', EF =2.7 × 106.

data are in accordance with the EM mechanism of SERS and

the experimental work performed previously using PS SERES. Previous work has demonstrated that the spectral location of
If the peak in the SERS enhancement occurs when the LSPR the LSPR is sensitive to the presence of molecular adsor-

, of the sample is equal to QLox + Avib)/ 2
, then exnx should bates.1,4,37 Therefore, it is important to note that the relationship

be different for the various Raman bands of benzenethiol on a between the LSPR spectra and SERES profiles depicted in
single sample. It is expected that Acx,max will have a larger Figures 4-6 pertains to LSPR spectra measured after adsorption
separation friom the LSPR A,,a for a large Raman shift than for of the analyte molecule. Figure 7 demonstrates the importance
a small shift. Excitation profiles for three benzenethiol peaks of considering this point. For a bare nanoparticle array, the LSPR
on a single substrate are shown in Figure 6. For this substrate, Amax was measured to be 672 nm. After incubation in 1 mM
the LSPR )max is 729 nm. Figure 6A shows the SERS excitation benzenethiol for >3 h, thorough rinsing with methanol, and
profile for the 1575 cm-1 peak of benzenethiol, normalized to drying, the LSPR A lx was observed to have red-shifted by 57
the 1444 cm-' peak of liquid cyclohexane. The separation in nm to 729 nm. Measurement of the WS SERES profile yields
wavenumbers between the LSPR ),max and 2

'x~rnx is 734 cm- t . A1,,•x = 692 nm. This is blue-shifted with respect to the LSPR
In Figure 6B, the excitation profile for the 1081 cm-1 ben- ) of the adsorbate-covered sample, as observed for the other
zenethiol peak (normalized to the 1028 cm-I peak of cyclo- samples used in this study, but red-shifted with respect to the
hexane) is shown. The separation in wavenumbers between the LSPR Amax of the bare nanoparticle array. This demonstrates
LSPR A,11a and Acx,max is 569 cm-. Finally, in Figure 6C, the that it is critical to characterize the LSPR of a SERS substrate
excitation profile for the 1009 cm-I benzenethiol peak (normal- after analyte adsorption in order to choose the appropriate laser
ized to the 1028 cm-1 peak of cyclohexane) is shown, and the excitation wavelength for maximizing EF or to draw any
separation in wavenumbers between the LSPR Amax and )-ex,m~x conclusions about the fundamental mechanism of the SERS
is 488 cm-1. These data demonstrate the qualitative trend effect.
whereby the Acx,max in the excitation spectra of larger Raman SERS Enhancement Factor Calculation. SERS EF values
shifted bands yield a larger separation from the LSPR ) a than were calculated by comparing the intensity of the appropriate
those of smaller Raman shifted bands, and this once again lends benzenethiol peak (1081 or 1575 cm-1) measured in the SERS
support to the EM mechanism, experiments to the corresponding peak measured from liquid
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Figure 7. LSPR shift and SERES profile for the 1575 cm-' peak of scale factor to calculate the peak EF. The normalized SERS
benzenethiol. The line with =.... 672 nm is the LSPR extinction of intensity at A, = 670 nm is calculated by dividing the SERS
the bare nanoparticle array. The line with =.. 729 nm is the LSPR intensity of the 1575 cm-I benzenethiol peak in Figure 8A (22.9
extinction of the nanoparticle array with an adsorbed monolayer of ADU s-1 mW-1) by the normal Raman intensity of the 1444
benzenethiol. The line with . = 692 nm is the best fit to the SERES cm-' peak of cylcohexane at the same excitation wavelength,
data points. Figure 8D (4.25 ADU s-' mW-1), yielding a relative intensity

benzenethiol. The normal Raman spectrum was measured at of 5.39. The normalized SERS intensity at ), = 770 n is

A, = 480, 532, and 670 nm fr'om a 37,um-thick cell filled with calculated by dividing the intensity in Figure 8C (10.8 ADU

benzenethiol. When the intensities are normalized for laser s-1 mW-') by that in Figure 8E (0.267 ADU s-1 mW-'), which

power and acquisition time, under the same collection condi- yields a relative intensity of 40.4. Therefore, the normalized

tions, the SERS EF is given by SERS intensity at )., = 770 nm is larger than that at A,, = 670
by a factor of 40.4/5.39 = 7.50. Multiplying the EF value at
A,, = 670 by this factor yields a peak EF of 9.3 x 107. This

EF value, the largest peak EF in this study, was measured from
the substrate with the longest-wavelength LSPR A,. The values

for EF reported in this paper are conservative estimates because
where N,•o and N,,fr are the number of molecules probed in the the probe volume assumed for the normal Raman experiment
liquid sample and on the SERS substrates, respectively, and is likely to be an underestimation of the actual value. Also, the
'vol and 'su.f are the corresponding normal Raman and SERS calculated number of adsorbate molecules is most likely an
intensities. On the basis of scanning silicon knife edge measure- overestimation because the calculation assumes perfect array
ments, the beam waist of the 20x objective is 4.0 pm with 2)t formation. The nanoparticle arrays contain a small number of
= 532 nm. Assuming a benzenethiol packing density of 6.8 x defects, which can be assumed to contribute little to the observed
1014 molecules cm-2 and the 7.4% surface coverage of nano- characteristics of the SERES profiles. If Raman scattering from
particles, approximately 6.3 x 106 molecules are probed on the the defects were contributing significantly, it is unlikely that
triangular nanoparticle array substrates (Nsrf). For the normal the systematic trends demonstrated by this work would be
Raman experiment, the probe volume was approximated as a observed. Even with consideration of these points, the peak EF
cylinder with a radius of 2.0/pm and a height of 37 pm, resulting calculated for the triangular nanoparticle arrays is consistent
in 2.7 x 1012 molecules being probed (Nvo0 ). The values for with the average values reported in other experimental work
Ns.uf and N,,.l, along with the SERS intensities for the 1081 and using these same substrates30 and theoretical modeling of
1575 cm- 1 peaks (measured with one of the excitation wave- triangular Ag nanoparticles.3 5

lengths listed above), were substituted into the above equation
to calculate the EFs. The peak EF values were calculated by Conclusions
compensating for the differences in the relative SERS intensity
measured at )Lex,max versus an excitation wavelength at which a This work demonstrates the most thorough WS SERES
liquid benzenethiol spectrum was measured. Figure 8 shows experiments ever performed on optically and topographically
the spectra necessary for calculating the peak EF for a single characterized SERS substrates. The experimental apparatus
SERES profile. This example pertains to the spectrum where utilized has proven effective for the measurement of relative

mnax = 810 nm and )cx,max = 765 nm (Figure 4D). Figure 8A SERS enhancements that vary by 3 orders of magnitude. This
shows the SERS spectrum of benzenethiol on a nanoparticle work demonstrates that the relationship bqtween the substrate
array taken at A,, = 670 nm. The 1575 cm- 1 peak intensity is LSPR and the SERES profile for size-homogeneous nanopar-
22.9 ADU s-I mW-I (Iust). Figure 8B shows the normal Raman tidles is consistent throughout the visible range. In all cases,
spectrum of benzenethiol in the 37.0 pm-thick cell at A,, = the experimentally observed behavior is consistent with that
670 nm. The 1575 cm- 1 peak intensity is 0.792 ADU s-1 mW-i predicted by the EM mechanism. Specifically, the strongest
(v,,). When substituted into the EF equation, these values yield SERS enhancement occurs under conditions where the incident
an EF of 1.24 x 107. This EF is for A,,. = 670, but because the and Raman scattered photons are both strongly enhanced. The
maximum normalized SERS intensity for this profile was ), largest EF measured was -108 for the triangular nanoparticle

770 nm, this value needs to be multiplied by an appropriate arrays studied. Ultimately, refinement of the experimental
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apparatus and optimization of SERS enhancement will allow (14) Jensen, T. R.; Malinsky, M. D.; Haynes. C. L.; Vanl Duyne. R. P.

SERFS to be performed using single nanoparticle substrates. J. Phi's v. Chwem. B 2000, 104, 10549-10556.
(15) Nic, S.; Emory, S. R. Science 1997, 275, 1102-1106.

This level provides the best possible ease in terms of reducing (16) Kneipp, K.; Wang, Y.; Kneipp. H-.; Perelman, L. T.; Itzkan, L.;
sample heterogeneity. These experiments are expected to provide Dasari. It. It.; Feld, M. S. Phi'ys. Rei'. Lett. 1997, 78, 1667-1670.
key information to validate the EM mechanism of SERS and (17) Michaels. A. M.; Jiang. J.; Brms, L. J. Phi's. Cheni. 8 2000, 104,

will present an additional technique that can be used to study 11965-11971.
the SMERS efect.(18) .tiang. J.; lBosnick. K.; Maillard, M.; lBrus. L. J. Physi. Chemn. B
the MSER effct.2003. 107, 9964-- 9972.

(19) Vlckova, B.; Gu. X. J.; Moskovits, M. J. Phv~s. Chem. B 1997,
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lead to smaller field enhancements (10-100
times) and a larger spatial range (--1000 nm).

This article will focus on the fabricationP lasmonic M aterials that show promise in chemical/biological
sensing and surtice-enhanced spectroscopy

applications. In the first part, the simple,
massively parallel method of nanospherefor S rfac m~nh nced lithography (NSL) and its use in the fabri-S e n s i g a n dcation of size- anrd shape-controlled nano-
structures is briefly reviewed. Also, theSensing and essential physics of LSPR and the theoreti-
cal methods used to understand it are de-

scribed, and key results concerning the
short- and long-range distance depen-
dences of the electromagnetic fields sur-
rounding tihe nanoparticles are summarized.

In the second part of this article, we focusHa,,h sty Haynes, on the relationship between LSPR spec-
Adam D. McFarland, George C. Schat troscopy and surface-enhanced Raman

spectroscopy (SERS), as revealed by surface-Richard P Van Duyne, and Shengli Zou enhanced Raman excitation spectroscopy
(SERES). SERES provides a systematic, re-
producible way to optimize the signal in-

Abstract tensity in SERS experiments.

Localized surface plasmon resonance (LSPR) excitation in silver and gold nanoparticles Nanosphere Lithography
produces strong extinction and scattering spectra that in recent years have been used Nanosphere lithography (NSL)15 is a stir-
for important sensing and spectroscopy applications, This article describes the prisingly powerful yet simple approach
fabrication, characterization, and computational electrodynamics of plasmonic materials to the fabrication of nanoparticle arrays
that take advantage of this concept. Two applications of these plasmonic materials are with precisely controlled shape, size, and
presented: (1) the development of an ultrasensitive nanoscale optical biosensor based interparticle spacing.
on LSPR wavelength-shift spectroscopy and (2) the use of plasmon-sampled and Nanosphere lithography (Figure 1) be-
wavelength-scanned surface-enhanced Raman excitation spectroscopy (SERES) to gins with the self-assembly of monodis-
provide new insight into the electromagnetic-field enhancement mechanism. perse polystyrene or SiO 2 nanospheres of

diameter D to form a single- or double-
Keywords: localized surface plasmon resonance spectroscopy nanosensing, layer colloidal crystal mask for material
plasmonic materials, surface-enhanced Raman spectroscopy. deposition. A substrate (Figure la) is pre-

pared so that the nanospheres can freely
move until they reach their lowest energy
configuration. This is achieved by chemi-

Introduction cally modifying the nanosphere surface
Plasmonics is an emerging branch of applications, including nanoscale optical with a negative charge that is electrostati-

nanophotonics that examines the properties spectroscopy,'0 surface-enhanced Raman cally repelled by a negatively charged
of the collective electronic excitations in spectroscopy," surface plasmon resonance substrate such as mica or chemically
noble metal films or nanoparticles known sensing, '2 1 and nanolithography' 4  treated glass. As the solvent (water) evap-
colloquially as surface plasmons. The excite- There are two types of surface plasmon orates, capillary forces draw the nano-
ment of plasmonics lies in its potential to resonance-localized and propagating. spheres together, and they crystallize into
achieve highly miniaturized and sensitive This article will mostly be concerned with an hcp pattern on the substrate. As in all
photonic devices by controlling, manipulat- the former, which we term localized surface naturally occurring crystals, nanosphere
ing, and amplifying light on the nanometer plasmon resonance (LSPR). This occurs masks include a variety of defects that arise
length scale." in silver and gold nanoparticles in the as a result of nanosphere polydispersity,

To date, a variety of passive plasmonic 10-200 nm size range and results in am- site randomness, point defects (vacancies),
devices have been demonstrated, including plification of the electric field E near the line defects (slip dislocations), and poly-
filters,' waveguides,"3 polarizers,4 Bragg particle surfaces such that I E 2 can be crystalline domains. Typical defect-free do-
reflectors,' and nanoscopic light sources. 100-10,000 times greater in intensity than main sizes are in the 10-100 Rm range.
On the horizon are active plasmonic de- the incident field. The field has a spatial Following self-assembly of the nanosphere
vices, such as light-output enhancers for range on the order of 10-50 nm and is mask, a metal or other material is then de-
organic light-emitting diodes', as well as strongly dependent on nanoparticle size, posited by physical vapor deposition from
switches and modulators.8 Furthermore, shape, and local dielectric environment, a collimated source normal to the substrate
our rapidly improving understanding of Propagating plasmons, which are often through the nanosphere mask to a con-
the interactions between adsorbed mole- called surface plasmon polaritons (SPPs), trolled thickness. The resulting surface is
cules and plasmonic nanostructures (i.e., are associated with smooth, thin films of referred to as a metal (e.g., Ag) "film over
molecular plasmonics)' is having a signifi- silver and gold with thicknesses in the nanosphere" (FON) surface. Ag FON sur-
cant impact on a broad spectrum of other 10-200 nm range. Propagating plasmons faces are robust plasmnonic materials for
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not present in the spectrum of the bulk
metal. Figure lb shows that the LSPR
spectra can easily be tuned all the way

1. Clean substrate 2. Drop coat 3. Dry from the near-UV through the visible spec-
trum' and even into the mid-IR'9 by chang-
ing the size or shape (triangle or hemisphere)

.. ... : of the nanoparticles. Note that the LSPR
bandwidth does not change significantly
as the wavelength at peak maximum, X,_.,.,

Glass is tuned. Additionally, several other sur-
prising LSPR optical properties have been
discovered for NSL-derived Ag nano-
particles: (1) X,,,, shifts by 2-6 nm per

6. AFM 5. Liftoff 4. Ag, 0= 0 1 nm variation in nanoparticle width or
height,18 (2) the molar decadic (tenfold)
extinction coefficient is F = 3 X 1011

,A M-1 crn-1,1 (3) the LSPR oscillator strength

ver in gas or liquid phases," (4) resonant
Rayleigh scatteringh2 occurs with an effi-
ciency equivalent to that of 106 fluo-
rophors,2 and (5) local electromagnetic
fields are amplified by factors of I E 12

[•] 104, leading to intense signals in all surface-
enhanced spectroscopies."

A B C D E F G H

120 150 150 95 120 145 145 145 (a) Fundamentals of Localized
Surface Plasmon Resonance

42 70 62 48 46 59 55 50 (b) Spectroscopy
0 0 0 A A A A A (shape) The simplest theoretical approach avail-

- 426 446 497 565 638 720 747 782 (Xmax) able for modeling the optical properties of
o1 ,I Inanoparticles is classical electrodynamics

(i.e., solving Maxwell's equations with the
w I metal dielectric constant taken from bulk
"D : measurements). For spherical particles, this"- k leads to the following (Mie theory) expres-

sion for the extinction coefficient E(X) in the

"long-wavelength limit:'

241TN~a~r,'
E(X) =XIn(1O)

H e r e , N A X [•"2 2 ,i (1 )
S..... •(Fr + 2F ,,)2 + Fi 2

Here, NA is the areal density of the nano-
400 500 600 700 800 900 particles, a is the radius of the metallic nano-

Wavelength (nm) sphere, F,,, is the dielectric constant of the
medium surrounding the nanosphere (as-
sumed to be a positive, real number), X is the

Figure 1. (a) Schematic representation of the nanosphere lithography (NSL) fabrication wavelength, and Fr and ej are the real and
process. The AFM image in step 3 is 5 gzm X 5 pum. (b) Size- and shape-tunable localized imaginary parts of the metal dielectric func-
surface plasmon resonance spectra of various Ag nanoparticles (labeled A-H) fabricated tion. This formula predicts a resonant peak
by NSL. The wavelength of maximum extinction, Am,,,, is changed by varying the in-plane when er = -2f.,,,, which for silver and gold
width a and out-of-plane height b of the nanoparticles. occurs in the visible portion of the spectrum.

In addition, any change in the dielectric
constant of the medium (e.g., when mole-

SERS applications. 6",7 If the nanosphere a ý 100 nrm, height b- 50 nm, and interpar- cules adsorb on the particle) leads to a
mask is removed, typically by sonicating tide separation distance dip - 230 nm. change in the resonance wavelength.
the entire sample in a solvent, surface- When one considers spheroidally shaped
confined nanoparticles are left behind that Size- and Shape-Tunable particles, the term Cr + 2e,,, in the denomi-
have a triangular footprint. In a typical Localized Surface Plasmon nator in Equation 1 is replaced by C, + Xe,,,,
NSL process, the deposition of 50 nm of Resonance Spectra where X is a parameter that depends on
Ag over a single-layer mask self-assembled NSL-derived nanoparticles exhibit in- the shape of the spheroid, increasing from
from nanospheres with D = 400 nm pro- tense UV-visible extinction (i.e., the sum of 2 for a sphere to 17 for a spheroid with an
duces nanotriangles with an in-plane width absorption and scattering) bands that are aspect ratio of 5:1. This leads to strong de-
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pendence of X,.... on particle shape, and sibility; however, the resolution currently plane width a = 100 nm, out-of-plane
there is also a strong size dependence that obtainable (-10 rn) would only provide height b = 50 nm) to shift by AX.,
arises from electrodynamic effects that are a rough picture. 40 nm (Figure 3a).21",1
not contained in Equation 1. In addition, We have pursued an alternative strategy The chemisorption-induced LSPR shift
many of the samples considered in this work to experimentally measure the range of the experiment provides a method for probing
contain an ensemble of nanoparticles that electromagnetic fields. It is apparent from the short-range (--0.5-3.5 nm) distance
are supported on a substrate, leading to Equation 1 that X, of noble metal nano- dependence of the electromagnetic fields
a dependence on interparticle spacing' and particles is highly dependent on the surrounding NSL-derived nanoparticles.
substrate dielectric constant.2

4  dielectric properties of the surrounding Figure 3c demonstrates that the depend-
environment. For NSL-derived Ag nano- ence of AX, on the chain length of an

Electrodynamic Calculations particles, it has been demonstrated experi- alkanethiol monolayer is linear with a re-
Equation I provides useful insight, but it mentally that X,\_is a linear function of the markably large slope of 3.1 nm per CH 2

only applies to spherical particles. In order solvent refractive index, n,, (where the ex- unit.2",1" These results can be interpreted
to describe particles like those pictured in temal dielectric constant, c,_ is equal to n,,2) using a model of the refractive-index re-
Figure Ia, it is necessary to use a numerical with a slope of approximately 200 nm per sponse of propagating SPPs on a planar
method. Several methods have been devel- refractive index unit (RIU, defined as a noble metal surface:"1

oped for solving Maxwell's equations using change of I in the refractive index).-' In
finite-element-based approaches, and one addition, X., is responsive to molecule- AAn.,, = mAn[1 - exp(-2d/l)], (2)
that we have found to be particularly use- induced changes in the local dielectric envi-
ful is the discrete dipole approximation ronment. For example, the chemisorption of where AX. ,, is the wavelength shift, in is
(DDA).2'- 27 In this method, the particle is one monolayer of hexadecanethiol causes the refractive-index sensitivity, An is
subdivided into an array of cubical, polar- X,• of a NSL-derived Ag nanotriangle (in- the change in refractive index induced by
izable elements. When a plane wave field
is applied to the particle, the resulting in-
duced polarizations in the elements are cal- 51
culated, and from these the extinction and 12
local fields are determined. Figure 2a shows
extinction cross sections that have been
calculated with this approach for several Cube Pyramid
particle shapes, all for silver particles with 10 Prism
the same volume. This shows that a sphere
has a plasmon nearer the blue end of the >, Cylinder
spectrum (Figure 2b), and the particles with 0 8 S e
points (cubes, prisms, pyramids) are nearer Lp)
the red end of the spectrum (Figures 2c E
and 2d). III

The electromagnetic (EM) mechanism of 0 6
SERS' predicts an enhancement factor pro- ,
portional to I E(o) I' E(o!') 1F, where ft and ._
o' are the incident and Stokes-shifted fre- 1 4
quencies, respectively. To estimate the en- W

hancement factor, in Figures 2b-2d we
show contours of I E I I around three of the 2
particles for wavelengths corresponding to
X., and for polarizations that lead to the
largest I EI2. These figures show that the 0
peak field for a sphere is on the order of 102,
while that for the tetrahedron is 104. If we 300 400 500 600 700
approximate the enhancement factor as Wavelength (nm)
I E(w) 14, we see that the highest enhance-
ments are on the order of 10', which, as 5b MC F[
noted later, is about what is found for
NSL-derived particles. 2O0 0 20.0 2.

Distance Dependence of the
Localized Surface Plasmon w n10.0 10. 100Resonance i

The electrodynamics results in Figure 2
show that the electromagnetic fields sur- 0.0 0.0 0.0
rounding Ag nanoparticles excited at
X.,, drop off quickly as one moves a few Figure 2. (a) Extinction efficiency (ratio of cross section to effective area) of silver nanoparticles
nanometers away from the particle sur- in vacuum having the shapes indicated. Each particle has the same volume, taken to be
face. How can the range of these fields be that of a sphere with a radius of 50 nm. h']2 contours (E is electric field) for a (b) sphere,
measured experimentally? Scanning near- (c) cube, and (d) pyramid, plotted for wavelengths corresponding to the plasmon peak in
field optical microscopy is certainly a pos- (a), with peak h'j2 values of 54, 745, and 9770, respectively.
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Fa- [J n Layer Thickness (nm) by the NSL nanofabrication technique. In
1.18 2.22 3.26 addition, it should be pointed out that from

0.24. 50 , the viewpoint of chemical sensing, these
.- •I 40 00d single-nanoparticle LSPR shift results are

0.2 C\30,truly remarkable. Based on the average sur-
30- face area of the nanoparticles prepared and

co •the monolayer packing density of molecules
20-. on Ag, this saturation response corresponds

0,12. 10 ! ,it to the detection of fewer than 60,000 surface-
Odd fit confined molecules of hexadecanethiol. Ad-

00 ____________ Avoragt) fit0.0860 ditional experiments (not described here)400 600 800 1000 0 4 8 12 16 20Wavelength (nm) demonstrate a limit of detection of -2000
)Number of CH2 Goups molecules.3 2 The real-time kinetics of ad-

Fd] el] Lt sorbates binding to single nanoparticles is
100 50 also accessible from this experiment.3 2

LSPR spectroscopy can also be used
80- E40, to probe the long-range (up to 40 nm) dis-

S60 -L tance dependence of the electromagnetic
033- fields surrounding NSL-derived Ag nano-

_40- J particles.' Figure 4 (see 4a and the solid
X2, triangles in 4c) shows that the dependence

20- •of AX,,,,. on the thickness of multilayer ad-
......6 0 106 1sorbate shells synthesized through the in-

S5. . 600 650 70teraction of HOOC(CH2 ),0 ISH and Cu 2+ is450 500 5 0 6 0 6 0 7 06 8 10 12 14 16 *

Wavelength (nm) Number of CH2 Groups nonlinear. The multilayer thickness required
to saturate the LSPR shift response was
found to be dependent on the composition

Figure 3. (top row) Localized surface plasmon resonance (LSPR) spectroscopy of a Ag (Ag versus Au), shape (triangle versus
nanoparticle array fabricated by nanosphere lithography in a N2 environment: (a) Extinction hemisphere), in-plane width, and out-of-
spectrum of the array (curve 1) before chemical modification, wavelength of extinction plane height of the nanoparticles. These
maximum A,m, = 594.8 nm, and (curve 2) after modification with 1 mM hexadecanethiol, results verify that the linear distance de-
Am,,, = 634.8 nm. (b) Tapping-mode atomic force microscopy (AFM) image of the array in
(a); nanosphere diameter D = 390 nm, deposited mass thickness dc, = 50 nm; Ag on mica pendence found in the case of alkanethiol
substrate; scan area, 3.0 'Unm

2.After solvent annealing, nanoparticle in-plane width is monolayers was the thin-shell limit of a
100 nm and out-of-plane height is 51 nm. (c) Alkanethiol chain length dependence on the longer-range, nonlinear dependence. They
LSPR spectral peak shifts for the array. Even and odd carbon chain lengths are depicted can be understood on the basis of an ex-
with different symbols to emphasize the difference in the terminal bond orientation with ponentiafly decaying electromagnetic field
respect to the substrate, which leads to different observed trends for the two cases. (bottom with Id in the range of 5-6 run for Ag
row) LSPR spectroscopy of single Ag nanoparticles produced by chemical synthesis: nanotriangles (a - 100 nm, b - 50 nm). A
(d) scattering spectrum of a single Ag nanoparticle (curve 1) before chemical modification, more accurate simulation of the data has
A, = 510.2 nm, and (curve 2) after modification with 1 mM hexadecanethiol, been provided by DDA calculations,' and
A, = 550.9 nm. The circled nanoparticle in (e) produced the signal for these curves. the results are in quantitative agreement
(e) Dark-field resonant Rayleigh scattering image of a random array of chemically
synthesized Ag nanoparticles (image dimensions, 130 itm x 130 /Im). (0 Alkanethiol with experiment. Comparison of the long-
chain length dependence on the LSPR spectral peak shifts for a single Ag nanoparticle. range LSPR spectroscopy results for Ag
The open circles represent an overlay of the array data from (c). The solid circles are single (Figure 4a and solid circles in 4d) versus Au
nanoparticle measurements. (Figure 4b and red triangles in 4d) shows

that Ag has a longer spatial electromag-
an adsorbate, d is the effective adsorbate tion of the refractive index of the external netic range and is more sensitive to adsor-
layer thickness, and 1, is the characteristic medium (Figure 3d) with a slope of bates than Au.
electromagnetic-field decay length. This -200 nm/RIU.32 In addition, the same
model assumes exponential decay of the LSPR shift of -40 nm as seen for the NSL Nanoscale Optical Biosensors
electromagnetic field nonnal to the planar particle array was observed for a mono- Based on LSPR Spectroscopy
surface, which is accurate for a SPP, but is layer of hexadecanethiol on a single par- The LSPR wavelength shift response,
undoubtedly an oversimplification for the tide; more important, the dependence of AX ....,has been used to develop a new class
electromagnetic fields associated with noble AX.,, on the chain length of the alka- of nanoscale optical biosensors.)3- Two
metal nanoparticles. Nevertheless, Equa- nethiol monolayer (Figure 3f) was found to model systems, biothi-streptavidinT M and
tion 2 does a remarkably good job of ac- be linear, with a large slope of 3.5 nm per biotin-anti-biotin,) were studied to illus-
counting for the data in Figure 3c if one CH, unit.32  trate the desirable attributes of LSPR-based
assumes a value 1d = 5-6 nm. We will return The similarity of the adsorbate-induced nanoscale affinity biosensors. Streptavidin, a
to a justification of this value in a moment. LSPR shift behavior for both NSL-derived tetrameric protein, can bind up to four

Recently, it has become possible to use nanoparticle arrays and single nanoparticles biotinylated molecules (i.e., antibodies, in-
dark-field resonant Rayleigh scattering to leads to the following important conclu- hibitors, nucleic acids, etc.) with minimal
perform the AX_,, measurement for isolated sions: (1) the short-range distance depend- impact on its biological activity, and there-
single nanoparticles, and it was found that ences for both systems can be described by fore it provides a ready pathway for extend-
for chemically synthesized Ag triangular Equation 2, and (2) interparticle coupling ef- ing the analyte accessibility of the LSPR
prisms (Figure 3e), AX,,,,, is a linear func- fects are minimal at the dip values imposed nanobiosensor. Anti-biotin, an antibody,
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[• [] A comparative analysis of real-time re-
sponses of a commercial propagating SPR

02-0.18 - sensor (planar thin film of gold) and the
L ye LSPR sensor (Ag NSL nanoparticle array)

0.24 3 0A16- was carried out using the binding of Con-
9 6-- 6 canavalin A (ConA), a mannose-specific

,�22 0.14 • plant lectin, to manmose-functionalized self-

0.20 -, 5 0 assembled monolayers (SAMs).' During
18 14 / the association phase in the real-time bind-
20 0.12 ing studies, both sensors exhibited qualita-

0.16 t-- tively similar signal-versus-time curves.
,, 0.1 However, in the dissociation phase, the

• SPR sensor showed an approximately five
times greater loss of signal than the LSPR0.120 6 0.08 sensor. A comprehensive set of nonspecific400 600 800 1000 400 600 800 1000

Wavelength (nm) Wavelength (nm) binding studies demonstrated that this
signal difference was not the consequence
of greater nonspecific binding to the LSPR
sensor, but rather a systematic function

Multilayer Thickness (nm) of nanoparticle structure. Ag nanopartides
0 8 16 24 32 40 100 with larger aspect ratios showed larger

160w dissociation phase responses than those
E with smaller aspect ratios. DDA calcula-

E S 80- t• fioLis demonstrated that this response is a
A 2AA consequence of the similarity in length scale

A 60- • Abetween the electromagnetic-field decay
* AE •e,**** E length and the physical size of ConA.-

2 80- A 40- A Recently, the LSPR sensor has been
A:40 A successfully used for the detection of an.r- A- 0 (n/

(, cc * A A Alzheimer's disease biomarker from both

40- a- 20 *.A synthetic37' 38 and human patient-' samples
* • 0 Au (see also the article by Thaxton et al. in this

SHemisphere A issue). In this work, the interactions between
_ A Chopped tetrahedron 0 Ithe bionarker (antigen), amyloid-[ 3derived

0 5 0 10 20 30 4 diffusible ligands (ADDLs), and specific
0 5 10 15 20 25

Number of Layers Mulitilayer Thickness (nm) anti-ADDL antibodies were studied. Using
the sandwich assay format, the LSPR sen-
sor provided quantitative binding informa-

Figure 4. Localized surface plasmon resonance (LSPR) spectra for Ag and Au nanoparticles tion for both antigen and second antibody
fabricated by nanosphere lithography. Long-range distance dependence: (a) Ag nanoparticles detection that permits the determination
(in-plane width a = 100 nm, out-of-plane height b = 50.0 nm) for 0-20 layers of
Cu2 /HS-(CH2 )1 COOH; (b) Au nanoparticles (a = 70 nm, b = 50.0 nm) for 0-14 layers of of ADDL concentration. This unique capa-
Cu2'/HS-(CHJ,0COOH. (c) Shape dependence for Ag nanoparticles: (solid triangles) bility offers the possibility of analyzing the
LSPR shift versus number of layers in the self-assembled monolayer (SAM) thickness for aggregation mechanisms of this putative
solvent-annealed Ag nanoparticles; (blue circles) LSPR shift versus number of layers in the Alzheimer's disease pathogen at physio-
SAM thickness for thermally annealed (600'C for 1 h) Ag nanoparticles. (inset, upper left) logically relevant monomer concentrations.
Atomic force microscopy (AFM) image of solvent-annealed nanoparticles (a = 114 nm, Monitoring the LSPR-induced shifts from
b = 54 nm). (inset, lower right) AFM image of thermally annealed nanoparticles (a = 110 nm, both ADDLs and a second polyclonal anti-
b = 61 nm). (d) Composition dependence: (solid circles) LSPR shift versus layer thickness ADDL antibody as a function of ADDL con-
for Ag nanoparticles (a = 70 nm, b = 50.0 nm); (red triangles) LSPR shift versus layer centration reveals two ADDL epitopes (the
thickness for Au nanoparticles (a = 70 nm, b = 50.0 nm). exact binding site on an antigen that binds

to an antibody) that have binding constants
to the specific anti-ADDL antibodies of

provides a straightforward platform to constant K,, .,f = 101 M 1, and limit of 7.3 X 10- M-' and 9.5 X 108 M-. Further-
extend the LSPR nanosensor technology to detection LOD < 1 pM SA. 4 Similarly, more, this study demonstrated for the
immunoassay technology. The AX .. for the LSPR response curve for the binding first time that the LSPR nanosensor was suc-
biotin-fumctionalized Ag NSL nanopar- of anti-biotin (AB) to biotin-functionalized cessful at analyzing human brain extract
tide arrays was measured as a function of Ag NSL nanoparticles was measured, and cerebrospinal fluid (CSF) samples.
the concentration of streptavidin (SA) over and the data analysis yielded Rr,, = Examination of these results from both
the concentration range 10-1s M < [SA] < 38.0 nm, K, ,,,, = 4.5 X 107 M-1, and LOD Alzheimer's disease and control patients
10-6 M. Fitting the data to the theoretical < 7 x 10-1 M AB.35 As predicted, the LOD reveals that the LSPR nanosensor provides
normalized response expected for 1:1 of the nanobiosensor studied is lower for new information relevant to the understand-
binding of a ligand to a multivalent re- systems with higher binding affinities, such ing and possible diagnosis of Alzheimer's
ceptor with different sites but invariant as for the well-studied biotin-streptavidin disease. This exciting advance is one of the
affinities yielded the following values: couple, and higher for systems with lower first examples in which nanotechnology
saturation response Rma, = 26.5 nm, binding affinities, as seen in the anti-biotin has been applied to clinical materials for
surface-confined thermodynamic binding system. biomolecular diagnostics.0
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It is important to note that this technol- scopies." Surface-enhanced Raman spec- with SERS. Consequently, there is renewed
ogy is in its infancy. There are at least two troscopy (SERS) is characterized by an experimental effort in SERES seeking to
main research objectives that must be met ensemble-averaged intensity enhancement verify various aspects of the EM theory.
before it becomes available. First, the sensor factor, EF, of -10, for analytes bound to We will now discuss some recent results
must undergo rigorous testing using CSF noble metal surfaces that possess random from our laboratory obtained using two ap-
samples from many more patients. In order roughness,41 or EF ý 107-10s, for surfaces proaches-plasmon-sampled (PS)

42 and
for this objective to be met, we must inte- with intentionally nanofabricated feature wavelength-scanned (WS) SERES. WS-
grate this technology with a redesigned sizes in the -100 nm range.4 2 Recent reports SERES requires both a broadly tunable
chip. Currently, approximately 250 pAlof CSF of single-molecule detection4l,4 using SERS laser and detection system. This is not
is required for each assay. Because spinal on Ag nanoparticle clusters have rejuve- commonly available; however, with the
taps are painful, it is ideal to minimize the nated interest in this widely used analyti- size- and shape-tunable LSPR spectra ob-
amount of sample needed. By incorporat- cal technique. A dear understanding of the tainable with NSL- or EBL-derived plas-
ing microfluidics and miniaturizing the mechanism responsible for the enormous monic materials, this problem can be
sample cell, this objective will be met. enhancement factors (-1014-10'") observed circumvented. NSL and EBL are used to

The examples just given all involved in single-molecule SERS remains elusive, prepare many samples with different
NSL-derivatized Ag nanoparticle arrays as The electromagnetic (EM) mechanism of LSPR Xm,. values. Each sample is thor-
the sensor platfonn. It has now been demon- SERS mentioned earlier predicts that there oughly characterized structurally by atomic
strated that all of the outstanding attributes is a well-defined relationship between the force microscopy or scanning electron
of the propagating SPR sensor, the "gold LSPR spectrum and the SERES spectrum of microscopy Correlated, spatially resolved
standard" in optical biosensing, are retained a SERS-active surface. In particular, very LSPR and SER spectra are measured with
or exceeded in a single-nanoparticle sen- specific quantitative predictions for the a single excitation wavelength at multiple
sor.3 ' 219 Dark-field LSPR scattering spec- magnitude of the enhancement factor on locations on each sample using a Raman
troscopy and microscopy were used to nanoparticle size, shape, and local dielectric microscope. Figure 5 shows representative
demonstrate zeptomole (10-21) sensitivity environment are made. Wavelength- LSPR spectra (Figures 5a-5c) and SERS
coupled with real-time kinetic analysis.3 2  scanned SERES experiments on microfabri- spectra (Figures 5d-5f) for benzenethiol
Streptavidin biosensing has also been cated surfaces were carried out in the early adsorbed on NSL-fabricated Ag nanopar-
demonstrated on single Ag nanoparticles. 1980s at Bell Laboratories, 41,46 with a view ticles excited at three common, fixed, exci-
A 12.7 nm redshift in the LSPR X,,.... arises toward verifying these predictions of the tation wavelengths. The SERS enhancement
from the detection of <700 streptavidin EM mechanism. Both as a consequence of factors for Figures 5d-5f are 7.6 X 107, 6.3
molecules.40 experimental difficulty and the dissolution X 107, and 9.0 × 107, respectively, 42 which

of the Bell group, many EM predictions re- are results that roughly agree with theoreti-
Surface-Enhanced Raman main purely in the domain of theory. The cal estimates (the electrodynamic calcula-
Spectroscopy plasmonic materials that are now readily tions described earlier). PS-SERES plots

The local electromagnetic fields that ac- available from NSL and electron-beam li- (enhancement factor versus LSPR X\,,) for
company photon excitation of the LSPR are thography (EBL) provide a new platform the 1575 cm-1 band of benzenethiol ex-
a key factor leading to the intense signals for the detailed study of the electromagnetic- cited at three different laser wavelengths
observed in all surface-enhanced spectro- field enhancement mechanism associated each showed a well-defined maximum

S 529.5 nm• Jig 05 adu mWV-1 s"• Fg h]i
' 

,, 
10814

1116-, B

nm r-68127.786

Fb m__1 J27.78adu mW-'s

4 ' 5l)o B 760 .... 20.... 1000 120 80 480 560 640 480 560 640 600 680 760
LSPR Wavelength (nm) Wavenumber Shift (cm-1) LSPR X.,a (nm)

FigureS5. (a)-(f) Correlated, spatially resolved, localized surface plasmon resonance (LSPR) and surface-enhanced Raman spectroscopy (SERS)
results for benzenethiol adsorbed on Ag nanoparticle arrays fabricated by nanosphere lithography (a), (d) Ag nanoparticles fabricated with
nanosphere diameter D = 280 nm and deposited mass thickness d,,= 36 nm, probed with an excitation wavelength A,,, 514.5 nm, power = 0. 7mW.
A representative atomic force micrograph of the substrate is shown in the inset. (b), (e) Ag nanoparticles fabricated with D =280 nm, d,,, = 36 nm,
probed with A,, = 532.0 nm, power- 0 .7mW. (c), (f) Ag nanoparticles fabricated with D = 400 nm, d,, -56 nm, probed with Amx =632.8 nm,
power = 1.2 mW (g)-(i) Plasmon-sampled surfa ce-enhanced Raman excitation spectroscopy (PS-SERES) resuits for the 1575 cm- 1 band of
benzenethiol with three different excitation wavelengths: (g) A,, = 514.5 nm, (h) A,, = 532. 0 nm, and (i) Ax = 632.8 nm. For each Am•, both the
wavelength location of the excitation (solid line) and the scattering (dashed line) are marked. The overiaid curves represent the bin-averaged values of
the LSPR A,,, and the enhancement factor. Bin widths are (g) 24 nm, (h) 16 nm, and (i) 16 nm.
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representing the highest intensity SERS
signal (Figures 5g-5i).42 In each case, these
PS SERES spectra follow the behavior pre- o 0
dicted by the EM theory, that is, the largest
enhancement factor occurs when the en- ' 4650
ergy corresponding to the ISPR maximum -,counts mW-"s
is located near the midpoint between the _

energy of laser excitation and the energy (j
of the Raman photons. These results un- Uw
ambiguously demonstrate (1) a systematic
approach to the optimization of SERS spec-
tra on nanoparticle substrates and (2) that
large, ensemble-averaged, SERS enhance-
ment factors (-1 X 108) are readily obtain-
able from Ag NSL-derived nanoparticle 1600 1400 1200 1000 800
array surfaces. Recently, these results have Raman Shift (crn-)
been corroborated using Au nanoparticle

array surfaces fabricated by EBL.47

Figure 6a shows the SERS spectrum of 1.2- 500 0.8 ....
benzenethiol adsorbed on a Ag FON sur- 101 0.8 ,300 '
face. The nanostructure of Ag FON surfaces 400 ' 0
can be quantitatively characterized by ' CO
atomic force microscopy (Figures 6b and -300 E o 0

-ices have ac nn 0.6' ,200 u)
6c). Ag FON surfaces have a nanostruc- **a:,
ture size distribution that is less broad 0.* 2 00
than that of a randomly roughened sur- 0.4 # 0,4- 0100
face but not as narrow as a NSL-derived 100 .5
surface. Consequently, Ag FON surfaces T_ c

have well-defined LSPR spectra (Figures 6d o0,o 0.2. -0.2 0
and 6e, solid curves), albeit broader than 400 600 600 700 800 400 500 600 700 800
the LSPR spectra for Ag NSL-derived Wavelength (nm) Wavelength (nm)
nanoparticle arrays. WS SERES spectra for
the 1081 cm-i band of benzenethiol are Wavelength (nm)
shown in Figures 6d and 6e (data points). 800 700 600 500
Using neat liquid benzenethiol as the nor- _ V I . ............. 2.0 X 107

mal Raman standard, the peak enhance- DO 0 1

ment factor values were calculated to be 1.6x107
2.7 x 106 and 1.9 X 106 for Figure 6d and 6e, T
respectively, Two different behaviors are 1- counts mW-'s-1 0.20-
observed in the WS-SERES spectra for a )E
these surfaces. In one case, the WS-SERES WO.15/ -&0 X1loll
spectrum peaks to the red of the LSPR W
spectrum (Figure 6d, data points) and in 0.10- -4.0x 10'
the other, it tracks the LSPR spectrum
(Figure 6e, data points). This outcome is 0.05_-_"I_,---_ t *_ _0

attributed to the different nanostructure 1200 1000 800 14,000 16.000 18.000 20,000 22000
size distributions for each surface. From a Raman Shift (cm-1 ) Wavenumbers (cm-1)
practical perspective, we point out that it is
not yet possible to determine the optimum
laser excitation wavelength for an Ag FON Figure 6. Localized surface plasmon resonance (LSPR), surface-enhanced Raman
without doing SERES. spectroscopy (SERS), and wavelength-scanned surface-enhanced Raman excitation

Figure 6f shows the SERS spectrum spectroscopy (WS-SERES) results for benzenethiol adsorbed on Ag film-over-nanosphere

of benzenethiol adsorbed on a Ag NSL- (Ag FON) surfaces and nanoparticle arrays fabricated by nanosphere lithography
derived nanoparticle array surface. A typi- (NSL). (a) SERS spectrum measured from Ag FON surface with excitation wavelength

dru = 532 nm, power = 3.0 mW and 100 s data acquisition time. (b) Contact-mode atomic
cal atomic force micrograph of a Ag NSL force microscopy (AFM) image of Ag FON surface (nanosphere diameter D = 410 nm,
surface is shown in the inset in Figure 6g. deposited mass thickness dm = 200 nm) used for SERS in (a). (c) Contact-mode
The LSPR spectrum of a Ag NSL array is AFM image of Ag FON surface (D = 500 nm, d,= 250 nm) used for WS-SERES
shown in Figure 6g (solid red line), along in (e). (d) LSPR spectrum (solid line, Am_, = 562 nm, FWHM = 144 nm) and WS-SERES
with the corresponding WS-SERES spec- spectra (data points) for the 1081 cm-1 band of benzenethiol measured from the Ag FON
trum for the 1081 cm-' band of benzenethiol surface in (b). (e) LSPR spectrum (solid line, Amax = 638 nm, FWHM = 131 nm) and

adsorbed on the same Ag NSL array (data WS-SERES spectra (data points) for the 1081 cm band of benzenethiol measured

points). The peak enhancement factor for from Ag FON surface in (c). (f) SERS spectrum measured from Ag nanoparticle array
pointhe .1081 cmeak band benzenetho fadr f surface (A. = 532 nm, power = 3.0 mW 100 s data acquisition time). (g) LSPR
the 1081 cm-1 band of benzenethiol ad- spectrum (solid line, A,_ = 688 nm, FWHM = 95 nm) and WS-SERES spectra
sorbed on this surface is 1.9 X 101, again (data points) for the 1081 cm-' band of benzenethiol measured from a
using neat liquid benzenethiol as the nor- Ag nanoparticle array surface. (inset) Tapping-mode AFM image of a representative
mal Raman standard. Note that the peak array surface.
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A Mixed Decanethiol/Mercaptohexanol Partition Layer
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Abstract: A new mixed decanethiol (DT) partition layer with dramatically improved properties has

been developed for glucose sensing by surface-enhanced Raman spectroscopy (SERS). This work

represents significant progress towards our long term goal of a minimally invasive, continuous, reusable

glucose sensor. The DT/MH-functionalized surface has greater temporal stability, demonstrates rapid,

reversible partitioning and departitioning, and is simpler to control compared to the tri(ethylene glycol)

monolayer used previously. The data herein show that this DT/MH-functionalized surface is stable for

at least 10 days in bovine plasma. Reversibility is demonstrated by exposing the sensor alternately to 0

and 100 mM aqueous glucose solutions (pH - 7). The difference spectra show that complete

partitioning and departitioning occur. Furthermore, physiological levels of glucose in two complex

media were quantified using multivariate analysis. In the first system the sensor is exposed to a solution
1



consisting of water with 1 mM lactate §f3RZ.N telMraant •YIKQLL1•m srhhadptstMarekc"W•dRdion

(RMSEP) is 92.17 mg/dL (5.12 mM) with 87% of the validation points falling within the A and B range

of the Clarke error grid. In the second, more complex system, glucose is measured in the presence of

bovine plasma. The root mean squared error of prediction (RMSEP) is 83.16 mg/dL (4.62 mM) with

85% of the validation points falling within the A and B range of the Clarke error grid. Finally, in order

to evaluate the real-time response of the sensor, the l/e time constant for glucose partitioning and

departitioning in the bovine plasma environment was calculated. The time constant is 28 s for

partitioning and 25 s for departitioning, indicating the rapid interaction between the SAM and glucose

that is essential for continuous sensing.

INTRODUCTION

Diabetes mellitus is a chronic disorder that requires careful regulation of glucose levels in order

to maintain the health of diabetic patients. Failure to regulate these levels within tight limits leads to

severe secondary health complications to the diabetic patient's retina, kidneys, nerves, and circulatory

system. 1,2 Most commonly, diabetics measure glucose levels 4-6 times per day with the

electrochemically based finger-stick method. The finger-stick method is not capable of continuous

monitoring and suffers from low patient compliance due to the pain and discomfort associated with

blood sampling from the capillaries. Such intermittent testing can fail to detect significant fluctuations

in blood glucose levels and place the patient in dangerously hypo- or hyperglycemic conditions. The

development of a continuous monitoring device for glucose with as low a degree of invasiveness as

possible will clearly have an enormous impact on long-term human health.

In recent years, the development of continuous, implantable glucose sensors has been the focus

of various research groups. The most advanced glucose sensors measure glucose indirectly by

electrochemical detection methods. Glucose is enzymatically reduced by glucose oxidase in the

presence of oxygen resulting in production of hydrogen peroxide. 3' 4 While hydrogen peroxide is
2



detected, other interfering analytes such, • i niuofcC4Aieas llat inbi&1uckabg~igeFblse

positive signals. 5 Clearly, specificity is very important in the development of glucose sensors.

Infrared (IR) and Raman spectroscopies have recently been explored as useful techniques for

glucose detection. The unique vibrational signatures of each molecule allow direct and selective

identification of glucose. Arnold and coworkers have demonstrated the detection of glucose both in

aqueous solution 6 and in whole blood in the near-IR region. 7 However, due to low spectral resolution

and overlap with second overtone peaks of water, glucose detection using near-IR spectroscopy is

difficult. On the other hand, Raman spectroscopy has higher spectral resolution and significantly

reduced interference from water. Moreover, Raman spectroscopy has been able to detect glucose in the

physiological range in vitro and in aqueous humor.8 Due to the inherently weak Raman signals of

glucose, however, high power and long acquisition times are required for quantitative detection.9 This

problem can be overcome by utilizing surface-enhanced Raman spectroscopy (SERS).1°12

Enhancement is observed when molecules are brought into proximity to nanoscale roughened metal

surfaces. 13 The intensified local electromagnetic field generated by the nanoscale structures is able to

enhance the observed Raman scattering by 106 to 108,14,15 and in exceptional cases as much as 1014

times.16,7

In our previous work, development of a sensing platform for glucose detection using SERS was

demonstrated.10 -12 The metal film over nanospheres (MFON) SERS-active surface was functionalized

with alkanethiol or an alkanethiol derivative self-assembled monolayer (SAM) to partition and

departition glucose closer to the surface. Quantitative measurements were performed using the SAM-

functionalized SERS surface in phosphate buffered saline (pH = 7.4) and in presence of bovine serum

albumin."' In addition, SAM stability on the AgFON and AuFON was demonstrated for three and ten

days, respectively.12 Reversibility of glucose partitioning was also demonstrated on these sensors.

Quantitative detection of glucose was demonstrated using tri (ethylene glycol) terminated

alkanethiol (EG3) and decanethiol (DT) SAMs on the SERS-active surface. Although EG3 SAM is

3



known to be biocompatible,18-20 its gl 2fa0rem n ofGLuoseand actate -Mg dK ser P!2D sphere array A,ýgaposMn

challenging and, therefore its availability is limited.

DT, on the other hand, is hydrophobic and not /

compatible with an aqueous environment. In this B I
Incubate in DT Incubate in MH

work, a new mixed SAM, based on two

commercially available components, decanethiol . .

(DT) and mercaptohexanol (MH), was explored to
Figure 1. Schematic for fabricating DT/MH-

attain a real-time, quantitative glucose monitoring functionalized AgFON. A) Nanospheres (diameter =
390 nm) were self-assembled to form a hexagonal
close packed 2D crystal. Metal (Ag) was then

device. Combining the longer DT component with deposited via electron beam deposition. B) The FON

surface was then incubated in a solution of 1 mM DT

the shorter MH component creates a pocket for in ethanol for 45 minutes and then transferred to 1 mM
MH in ethanol for at least 12 hours. This DT/MH

improved glucose partitioning, bringing glucose SAM creates a pocket for glucose to fit into, bringing
glucose closer to the SERS-active surface.

even closer to the SERS-active surface than was possible with EG3. In addition, the DT/MH SAM has

dual hydrophobic/hydrophilic functionality analogous to EG3. Based on the stability and reversibility

parameters, we have experimentally confirmed that the DT/MH mixed SAM has better performance as a

partitioning layer than the DT and EG3 SAMs used previously.

Herein, we demonstrate (1) the stability of the DT/MH partition layer on an AgFON surface, (2)

partitioning and departitioning of glucose on a DT/MH-functionalized AgFON surface, (3) quantitative

detection of glucose in aqueous solution with interfering analytes and in bovine plasma, and (4) real-

time kinetics of glucose partitioning and departitioning.

EXPERIMENTAL SECTION

Materials. All the chemicals were reagent grade or better, and used as purchased. Silver pellets

(99.99%) were purchased from Kurt J. Lesker Company (Clairton, PA). Oxygen free high conductivity

copper was obtained from McMaster-Carr (Chicago, IL) and cut into 18 mm diameter disks. To clean

substrates, NH4OH, H20 2, and CH 3CH 2OH were used from Fisher Scientific (Fairlawn, VA).

4



Surfactant-free, white carboxyl-substitut:• tgep~lyhe Giopv IsiUlqW•sbert9.8 nm

diameter, 4% solid) were purchased from Duke Scientific Corporation (Palo Alto, CA). Ultrapure water

(18.2 MQ2 cml) from a Millipore system (Marlborough, MA) was used for substrate and solution

preparation. Bovine plasma was obtained from Hemostat Laboratories (Dixon, CA). Glucose, lactate,

and urea were purchased from Sigma (St. Louis, MO). Decanethiol (CH 3(CH 2)9SH), and 6-mercapto-l-

hexanol (HS(CH 2)60H) were purchased from Aldrich (Milwaukee, WI). Disposable filters, pore size

0.45 gm, were acquired from Gelman Sciences (Ann Arbor, MI).

AgFON Fabrication and Incubation Procedure. The copper substrates were cleaned by sonicating in

5:1:1 H20/30% H20 2/NH 4OH. Approximately 10 [l of nanosphere solution was drop-coated onto a

clean copper substrate and allowed to dry at room temperature. Then, 200 nm thick Ag films were

deposited onto and through the nanosphere mask using the Kurt J. Lesker electron beam deposition

system (Clairton, PA) to form AgFON substrates. The mass thickness and deposition rate (2 A/s) of the

Ag metal were measured by 6 MHz gold plated quartz-crystal microbalance purchased from Sigma

Instruments (Fort Collins, CO). AgFON substrates were first incubated in 1 mM DT in ethanol for 45

minutes and then transferred to 1 mM MH in ethanol for at least 12 hours (Figure 1). Then the SAM-

functionalized surfaces were mounted into a small volume flow cell for SER spectra collection.

Surface-enhanced Raman Spectroscopy. A Spectra-Physics model Millennia Vs laser (Q, = 532 nm)

was used to excite a Spectra-Physics model 3900 Ti-sapphire laser to produce the 785 nm excitation

wavelength (0,); the laser spot size on the sample was less than 0.5 mm in diameter. This excitation

wavelength was chosen to minimize autofluorescence of proteins. 21,22 The SERS measurement system

includes an interference filter, an edge filter (Semrock, Rochester, NY), a model VM-505 single-grating

monochromator with the entrance slit set at 100 [tm (Acton Research Corp., Acton, MA), and a LN2-

cooled CCD detector (Roper Scientific, Trenton, NJ). A collection lens with magnification 5 was used

to collect the scattered light. The small volume flow cell was used to control the external environment

of the AgFON surfaces throughout the SERS experiments.
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(MathWorks, INC., Natick, MA) and PLSToolbox (Eigenvector Research, Inc., Manson, WA). Prior

to analysis, the spectra were smoothed using the Savitsky-Golay method with a second order

polynomial and window size of 9. Cosmic rays were removed from the spectra using a derivative filter.

The slowly varying background, commonly seen in SERS experiments was removed by subtracting a

fourth-order polynomial fit. This method greatly reduced varying background levels with minimum

effect on the SERS peaks. The chemometric analysis was performed using the partial least-squares

(PLS) method and leave-one-out (LOO) cross validation algorithm.

Time Constant Analysis. The data was processed using PeakFit 4.12 software (Systat Software Inc,

Richmond, CA). To remove the varying background in SER spectra, a fourth order polynomial was

subtracted from the baseline using MATLAB software. The spectra were further preprocessed in

PeakFit with linear best fit baseline correction and Savitsky-Golay smoothing. The amplitude of the

Raman bands was obtained by fitting the data to the superposition of the Lorentzian amplitude

lineshapes.

RESULTS AND DISCUSSION

The results presented below show significant advancement towards an implantable, real-time

continuous SERS based glucose sensor. Our previous work demonstrated the ability to detect glucose

with SERS using decanethiol as the partition layer.10 Subsequently, EG3 was used as the partition layer

because it is biocompatible and has the ability to resist nonspecific binding of proteins due to its

hydrophilic properties." Moreover, stability, reversibility, and resistance to serum protein interference

of the EG3-functionalized glucose sensor were demonstrated. Finally, the SERS based glucose sensor

was optimized for NIR laser excitation wavelength with the EG3 partition layer to reduce photodamage

of tissue and optimize signal on Au surfaces.1 2 This development showed enhanced spectral stability
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and gave more accurate measurements. $ERWM sbonelh Oftus~y a¢fllbii*ybofgEE13 is

scarce. In the present work, a new mixed SAM layer, consisting of decanethiol (DT) and

mercaptohexanol (MH) has been developed. We also demonstrate (1) long term stability of the

DT/MH-functionalized AgFON surface (2) reversibility of the sensor (3) quantitative measurement of

glucose, and (4) real-time partitioning and departitioning of the glucose sensor.

Temporal Stability of DT/MH-Modified Substrate. An implantable glucose sensor must be stable for

at least 3 days. 23 In our previous work, we demonstrated that SAM-functionalized AgFON substrates

were stable for at least 3 days in phosphate buffered saline by electrochemical and SERS

measurements.2 Herein, we demonstrate the stability of the DT/MH-functionalized AgFON surface for

A B 10 days in bovine plasma (Figure 2). SER spectra

16000. . t T II were captured every 24 hours from three different

1l 12000o I

Boo(o samples and three spots on each sample ('x,= 785

S• i., ,, 4000o Danm, t = 2 min). Figure 2A represents the DT/MH

1200 1000 800 0 2 4 6 8 40
Wavenumber Shift (cm") Dayspectrum acquired on day 2. Figure 2B shows the

Figure 2. Stability of the DT/MH-functionalized FON. average intensity of the 1119 cm 1 peak for
A) SERS spectrum of DT/MH-functionalized FON (Day
2) B) Time-course of intensity of 1119 cm' peak. Signal DT/MH on the AgFON for each day as a function
intensities stayed stable over a 10 day period with only a
2.08% change in intensity, ;e, = 785 nm, P.aser = 55 mW, t
= 2 min. of time. The 1119 cm 1 band corresponds to a

symmetric stretching vibration of a C-C bond.24 The change in intensity of the 1119 cm 1 peak from the

first day to the last day is 2.08%, indicating that it did not vary significantly during the ten day period.

The 2% change in the intensity can be attributed to the rearrangement of the SAM during the incubation

in bovine plasma.2 5  The temporal stability of the 1119 cm-1 peak intensity indicates that the DT/MH

SAM was intact and well ordered, making this SAM-functionalized surface a potential candidate for an

implantable sensor.

Reversible Glucose Sensing. An implantable glucose sensor must also be reversible in order to

successfully monitor fluctuation in glucose concentration throughout the day. To demonstrate the
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reversibility of the sensor, the DT/MH-aRiffldasurer of G - ,
I I• •)U•I~j 1126

SV 07 o saturate<i

AgFON sensor was exposed to cycles of 0 and 1 3 w= aqueous
,•IUcUeS1068; I'oo" 1131T ~ o

100 mM aqueous glucose solutions (pH- 7) A -- 1435 898 F

without flushing the sensor in between ,51 :G

measurements to simulate real-time sensing c-

(Figure 3 inset). Nitrate was used as an internal
1400 1200 1000 800 1400 1200 1000 800

standard in all the experiments (1053 cm-I peak) Wavenumber Shift (cm) Wavenumber Shift (cm')

Figure 3. Glucose pulsing sequence on the SAM
to minimize effective laser power fluctuations. modified AgFON surface (inset). SER spectra of the

sample cycled between 0 and 100 mM aqueous glucose

The 1053 cm 1 band corresponds to a symmetric solutions (A, B, C, D), Xex = 532 nm, Piaser = 10 mW, t =
20 min, pH-7. Normal Raman spectrum of aqueous

stretching vibration of N03- and was used to saturated glucose solution (E). Difference spectra showing
partitioning/departitioning of glucose (F, G, H, I).

26 + Imperfect subtraction of the narrow band at 1053 cm"
normalize the spectra. SER spectra were due to nitrate results in a very sharp peak in the difference

spectra. *a.d.u.-mWi.min-'.
collected for each step (ke, = 532 nm, P = 10 mW,

t = 20 min) (Figure 3A, 3B, 3C, 3D). Figure 3E shows the normal Raman spectrum of a saturated

aqueous glucose solution for comparison. In the normal Raman spectrum of a saturated aqueous

glucose solution, peaks at 1462, 1365, 1268, 1126, 915, and 850 cm 1 correspond to crystalline glucose

peaks. 27 The difference spectra (Figure 3F, 3G) represent partitioning of glucose in DT/MH SAM,

which clearly show the glucose features at 1461, 1371, 1269, 1131, 916, and 864 cm-1 . This

corresponds to the peaks in the normal Raman spectrum of glucose in aqueous solution (Figure 3E).

Literature has shown that SERS bands can shift up to 25 cm-1 when compared to normal Raman bands

of the same analyte. 28 The sharp peak seen in all of the difference spectra at 1053 cm 1 represent

imperfect subtraction of the nitrate internal standard. The absence of glucose spectral features in the

difference spectra (Figure 3H, 31) represents complete departitioning of glucose. The DT/MH mixed

SAM presents a completely reversible sensing surface for optimal partitioning and departitioning of

glucose.

Quantitative Detection of Glucose Using DT/MH Partition Layer. In order for a glucose sensor to

be viable, it should be able to detect glucose in the clinically relevant range 10-450 mg/dL (0.56-25
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mM), under physiological pH, and in W:ff im e~n~ hoffliAnge mdllaa(•figMtiR ft-f)jjglt i is

presented in the Clarke error grid, a standard for evaluating the reliability of glucose sensors in the

clinically relevant concentration range (0-450 mg/dL). 29 Data points that fall in the A and B range are

acceptable values. Values outside the A and B range result in potential failure to detect blood glucose

levels outside of the target range and erroneous diagnosis. DT/MH-functionalized AgFON samples

were placed in a flow cell containing water (pH - 7) with lactate (1 mM) and urea (2.5 mM) in

physiological concentrations, which are potential interferents for glucose detection. Glucose solutions

ranging from 10 to 450 mg/dL with lactate and urea were then randomly introduced in the cell and

incubated for 2 min to ensure complete partitioning. SER spectra were collected using two substrates

and multiple spots with a near-infrared laser source (, = 785 nm, P = 8.4 mW, t = 2 min). A

calibration model was constructed using partial least squares leave-one-out (PLS-LOO) analysis with 46

randomly chosen independent spectral measurements of known glucose concentrations. The calibration

model was based upon 7 latent variables which take into account variation in laser power, the

environment in the lab, and SERS enhancement at different locations. The PLS analysis results in a

root mean square error of calibration (RMSEC) of 9.89 Multiple Analytes
measured cone (mM)

mg/dL (0.549 mM). This RMSEC value is lower than 5.56 11.11 16.67 22.22

that reported in our previous work using the EG3- 400o

modified AgFON. E 300

E0 P,•

In addition to having a low RMSEC, it is • 200. 0W
important to use an independent validation set to test the l o

LCL

300E
calibration model.30  For this model, a set of 23 data 0 A E

0 100 200 300 400
points was used to validate the model. The root mean measured cone (mg/dL)

acalculated to be Figure 4. Calibration (*) and validation (e) plots

square error of prediction (RMSEP) was cusing two substrates and multiple spots. PLS
calibration plot was constructed using 46 data

92.17 mg/dL (5.12 mM). Figure 4 depicts that 98% of points. The validation plot was constructed using
23 data points taken over a range of glucose

the calibration points and 87% of the validation points concentrations (10 - 450 mg/dL) in 1 mM lactate
and 2.5 mM urea at pH-7. RMSEC = 9.89 mg/dL
(0.55 mM) and RMSEP = 92.17 mg/dL (5.12
mM). Xex 785nm, Pli.s.. = 8.4mW, t = 2 min.
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fall in the A and B range of the ClarkeSER6r i.ur~tfenT lbmThssnd-i ntg-a~vbFll1uiigh r the

number of data points in the calibration set.

To transition from the in vitro sensor to an in vivo sensor, the sensor should also demonstrate

quantitative detection in a more complex medium. Bovine plasma was used to simulate the in vivo

environment of an implantable glucose sensor. Prior to use, bovine plasma was filtered using 0.45 ýtm

diameter pore size. The filtered plasma was then spiked with glucose concentrations ranging from 10-

450 mg/dL. DT/MH-functionalized AgFON substrates were placed in the flow cell and exposed to

glucose spiked bovine plasma. SER spectra were collected at each concentration using multiple

samples and multiple spots in random order to construct a robust calibration model (Xex = 785 nm, P =

10-30 mW, t = 2 min). Calibration was constructed using PLS-LOO analysis described above using 7

latent variables and presented in a Clarke error grid (Figure 5). To construct the calibration, 92

randomly chosen data points were used, resulting in an RMSEC of 34.3 mg/dL (1.90 mM). For the

validation, 46 data points were used with an RMSEP of 83.16 mg/dL (4.62 mM). In the Clarke error

grid, 98% for calibration and 85% for validation fall in Bovine Plasma

measured conc (mM)
the A and B range. The errors in both experiments can 5.56 11.11 16.67 22.22

be reduced by using more data points for the calibration. 400-

In addition, error can also be attributed to variation in .E 300'

SERS enhancement at different spots and different ' 0
200- D =0

substrates. 4 The results show that the DT/MH-modified

AgFON glucose sensor is capable of making accurate A 0 E
E

glucose measurements in the presence of many 0 100 200 300 400

measured conc (mg/dL)
interfering analytes. Figure 5. Calibration (*) and validation (9) plots

using three substrates and multiple spots acquired
in two days. PLS calibration plot was constructed

Real-time Study of Partitioning and Departitioning of using 92 data points. The validation plot was
constructed using 46 data points taken over a

Glucose. In addition to reversibility, which is an range of glucose concentrations (10 - 450 mg/dL)
in bovine plasma. RMSEC = 34.3 mg/dL (1.9

characteristic for a viable sensor, the sensor mM) and RMSEP = 83.16 mg/dL (4.62 mM).
important cX= 785 nm, Pas.r = 10-30 mW, t = 2 min.
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should be able to partition and deparfiiB6 Measuremr 52LaLc tate~,- P
1451

glucose on a reasonable time scale. The real- A
C -

525~ P 5254time response was examined in a system with- 525• . -
27O~C!f/ 0 5 A

fLL 222 4'

bovine plasma simulating the in vivo 4,,o/

environment. In order to evaluate the real- 1520 1480 1440 1400 1480 1460 1440
Wavenumber Shift (cm ) Wavenumber Shift (cm')

time response of the sensor, the li/e time 120° Partitioning Daparttioning

constant for partitioning and departitioning

was calculated. 40
-

0.jo
A DT/MH-functionalized AgFON was ,

placed in bovine plasma for -5 hours. The 0 200 400 600

Time (sec)
AgFON surface was then placed in a flow

Figure 6. Real-time SERS response to a step change in

cell. SER spectra were collected continuously glucose concentration in bovine plasma. A) SER spectra of the
SAM and glucose at various times. Peaks at 1451 and 1428
cmI are features of SAM and 1462 cm- indicates glucose.

(Xe, = 785 nm) with a 15 s integration time. Glucose was injected at t = 0 s and the cell was flushed with
bovine plasma at t = 225 s. B) Expanded scale version of

To observe partitioning, 50 mM glucose Figure 6A from 1480 to 1440 cm'. C) Partitioning and
departitioning of glucose. X,, = 785 nm, P.,,,5 , = 100 mW, t = 15
s. The li/e time constants were calculated to be 28 s for

solution in bovine plasma was injected at t = partitioning and 25 s for departitioning.

0. At t = 225 s, 0 mM glucose solution in bovine plasma was injected into the flow cell to evaluate the

departitioning of glucose. Excitation wavelength of 785 nm was used to reduce autofluorescence

caused by proteins. 21'22 The amplitude was then plotted versus time as shown in Figure 6C. The i/e

time constant was calculated from the exponential curve fitted to the data points.

The spectra shown in Figure 6A and 6B demonstrate real-time amplitude changes in the 1462

cm 1 peak as the glucose concentration varies. The amplitude of the 1462 cm 1 peak was obtained by

fitting the data to the superposition of three Lorentzian lineshapes using PeakFit. The l/e time constant

is 28 s for partitioning and 25 s for departitioning, calculated from the exponential fit (Figure 6C).

These experiments demonstrate that partitioning and departitioning occur rapidly making the SERS

based glucose sensor a potential candidate for implantable, continuous sensing.
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CONCLUSIONS

This work demonstrates significant progress towards developing a real-time, continuous,

quantitative SERS glucose sensor. A new mixed SAM was explored to partition and departition glucose

efficiently. The new SAM consists of decanethiol (DT) and mercaptohexanol (MH) providing the

appropriate balance of hydrophobic and hydrophilic groups. The DT/MH-functionalized SERS surface

showed temporal stability for at least 10 days in bovine plasma, making it a potential candidate for

implantable sensing. Furthermore, quantitative glucose measurements, in the physiological

concentration range, in a mixture of interfering analytes and in bovine plasma were also demonstrated.

Finally, the DT/MH-functionalized SERS surface also partitioned and departitioned glucose in less than

one minute which indicates that the sensor can be used for real-time, continuous sensing.

The temporal stability of the DT/MH-functionalized AgFON surface is evident from the fact that

the intensity of a SERS band did not change for a period of 10 days when incubated in bovine plasma.

The intensity of the 1119 cm-1 SAM peak varied by only 2% during a period of ten days. This

fluctuation can be attributed to molecular rearrangement of the SAM .

Moreover, reversibility of the DT/MH-functionalized glucose sensor was demonstrated by

injecting cycles of 0 and 100 mM glucose in water (pH - 7). The difference spectra demonstrate

complete partitioning and departitioning of glucose. In addition, the time constant for glucose

partitioning and departitioning is less than one minute, indicating rapid interaction between the SAM

and glucose essential for continuous sensing.

The ability for DT/MH-functionalized AgFON to measure glucose concentrations accurately

was evaluated using the Clarke error grid. The sensor was exposed to various concentrations of glucose

in an aqueous solution (pH - 7), consisting of 1 mM lactate and 2.5 mM urea. The cross-validation

error is 92.17 mg/dL and 87% of the validation data fall in the A and B range of the Clarke error grid.
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Furthermore, a more complex media, boSEr m•'earentai awreodtotLcfituatherglfftose

sensor. In this case, the cross-validation error is 83.16 mg/dL and 85% of the validation data fall in the

A and B range of the Clarke error grid.

Significant progress toward developing a continuous, real-time, quantitative glucose sensor is

reported. In future work, the SERS glucose sensor will be implanted in an animal to demonstrate in

vivo glucose sensing, and cross-calibrated with qualified hospital laboratory equipment.
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